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A b s t r a c t
The blood-brain barrier (BBB) is responsible for homeostasis o f the brain interstitial fluid 
(ISF) by separating the central nervous system (CNS) from systemic blood circulation. The BBB 
exhibits low permeability to hydrophilic solutes and high transendothelial electrical resistance 
arising from a continuous series o f tight junctions (TJ) connecting adjacent microvascular 
endothelial cells o f brain capillaries. The basolateral side of these microvascular endothelial cells 
are encompassed by astrocyte end feet and bathed in ISF, which is completely devoid o f serum. 
Moreover, the vascular endothelium is continuously exposed to hemodynamic forces, namely shear 
stress and cyclic circumferential strain, both of which can induce profound changes in endothelial 
gene expression and cell fate. Disruption of BBB integrity leading to vascular leakage is a central 
pathophysiologic mechanism o f many diseases whilst, the “tightness” o f the BBB also proves 
problematic in drug delivery to the brain. Thus, elucidating the etiology o f tight junction formation 
and the factors effecting BBB permeability may lead to the development of novel strategies to 
modulate barrier properties and thus have profound clinical impact on several neurological diseases. 
The fo cu s  o f  this PhD project, therefore, was to elucidate the biochem ical events affecting tight 
ju n c tio n  fo rm a tio n  a n d  b a rrier fu n c tio n  cau sed  by serum , astrocyte  co -cu ltu re  and  
biom echanical shear stress.
In order to assess TJ formation in Bovine Brain Microvascular Cells (BBMvECs), the expression, 
localization and association o f occludin and Z O -1, two pivotal TJ proteins was examined, 
concomitant with measurement o f sucrose permeability across the EC monolayer and TEER to 
assess EC barrier function. Briefly, this research has shown that the increased association of 
occludin with Z O -1, in parallel with increased membrane localization of the two proteins, is central 
to tight junction formation, and correlates directly with increased barrier function.
In-vivo tight junctions forming the BBB prevent serum entering the ISF. This indicates that the 
effects o f serum on tight junction formation and barrier function are highly polar-specific. Our data 
subsequently indicated that in the absence of basolateral serum, occludin and ZO -1 expression 
increased, as did their association and the concomitant redistribution o f the two proteins to the 
plasma membrane. These biochemical events were accompanied by an increase in TEER and 
decrease in sucrose permeability.
Furthermore, our findings indicate that co-culture o f BBMvEC with basolaterally applied C6 
glioma increases tight junction formation and barrier function and that these changes were 
enhanced, at least in part, by the removal of serum from the basolateral compartment of the co­
culture model.
In the brain micro vasculature, shear stress is typically in the region of 4 -  20 dynes/cm2. Exposure 
o f BBMvECs to physiological laminar shear stress (pulsatile and non-pulsatile) significantly 
increases occludin and ZO -1 expression and association, concomitant with translocation of both 
occludin and ZO -1 to the cell membrane and reduced transendothelial permeability.
In summary, this body o f work addresses three of the major factors impacting upon the BBB and 
assesses their individual impacts on tight junction formation and barrier function. Further studies 
are required to fully elucidate the exact signaling mechanisms by which these events occur.
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C hapter 1
I n t r o d u c t i o n
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1 . 0  I n t r o d u c t i o n
The blood-brain barrier (BBB) is form ed by brain m icrovascular endothelial 
cells, w hich line cerebral capillaries, and is characterized by low permeability to 
hydrophilic m olecules, high electrical resistance and low occurrence o f  pinocytotic 
vesicles. The existence o f  the BBB w as first noted in the late 19th century by a 
G erm an microbiologist, Paul Ehrlich, who observed that a coloured dye injected into 
the blood stream would stain all organs except the brain. Further studies by one o f 
his students, Edw in G oldm ann in 1913, revealed that w hen a dye was injected 
directly into the spinal fluid it would stain only the brain. These findings lead to the 
hypothesis that the vasculature in the brain is unique from the peripheral vasculature 
in that it provided a barrier preventing the passage o f solutes from the blood to the 
brain and vice-versa. The developm ent o f  the scanning electron microscope in the 
1960’s revealed that the BBB is an endothelial barrier (Reese and Kamovsky 1967), 
resulting from  the sealing o f  the paracellular space betw een adjacent endothelial 
cells by junctional protein complexes (Robertson 1957; M uir and Peters 1962; Peters 
1962; Brightm an and Palay 1963; Brightm an and Reese 1969). These complexes 
were later identified as gap junctions, adherens junctions and zonula occludens (tight 
junctions).
The BBB functions to m aintain hom eostasis o f the brain interstitial fluid (ISF) by 
preventing blood-borne solutes from entering the brain microenvironm ent (Abbott et 
a l. 2006). It is im perm eable to  charged particles, proteins, ions, hydrophilic 
m olecules and horm ones that could act as neurotransm itters, but has lim ited 
perm eability to gasses and small molecules with a m olecular weight less than 500 
D a in proportion to their lipid solubility (Tanobe e t al. 2003). However, small and 
large hydrophilic molecules, such as glucose and amino acids, can enter the brain by 
active transport. For essential nutrients such as these, specific transport proteins are 
expressed in high concentrations on the apical membrane, thus allowing their entry 
to the brain. Active transport also occurs in the opposite direction, that is, from the 
brain to the blood. The efflux transporter, P-glycoprotein (P-gp), which is expressed
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in high concentrations in brain endothelial cells, functions in transporting a wide 
range o f  lipophilic m olecules that have penetrated into brain endothelial cells or 
through the BBB out o f  the brain (Schinkel 1999). P-gp has been shown to be a 
functional part o f  the blood-brain barrier w ith knockout m ice showing increased 
sensitiv ity  to circulating drugs and increased toxin  accum ulation in the brain 
(Schinkel e t al. 1994; Schinkel e t al. 1996).
D isru p tio n  o f  BBB in teg rity  lead ing  to vascu la r leakage  is a cen tra l 
pathophysio log ic  m echanism  o f  m any diseases including, m ultip le sclerosis 
(W illiam s e t  al. 1994), m ening itis/encephalitis (Tunkel and Scheld 1993), 
neurodegenerative diseases such as Parkinson’s and A lzheim er’s disease (M attila et 
al. 1994) and progressive m ultifocal leukoencephalopathy, a form  o f  dem entia 
affecting approxim ately 10% o f  all AIDS patients (Poland e t al. 1995). Vascular 
leakage is often a negative side effect o f a disease, worsening the patients’ condition, 
in cases o f  head traum a and ischemic stroke for example, or may be the underlying 
cause o f  the illness itself. M oreover, the im perm eable nature o f  the BBB is the 
m ajor rate-lim iting step preventing advances in drug developm ent being translated 
into effective neurotherapeutic agents (for review, see Pardridge 2005a). Thus, 
elucidating the etiology o f  tight junction formation and the factors effecting BBB 
perm eability may lead to the developm ent o f novel strategies to modulate barrier 
properties and thus have profound clinical impact on several neurological diseases.
1.1 D evelopm ent o f th e  BBB
The expression o f  a BBB phenotype in endothelial cells is defined by low 
rates o f endocytosis, im perm eability o f  the paracellular pathway and high electrical 
resistance. However, in v ivo , the tim e-point at w hich the BBB develops is quite 
controversial (Saunders e t al. 1991). Electrical resistance o f capillaries is the best 
indicator o f  junction tightness, how ever there is no direct way to measure it in the 
brain parenchyma. Instead, electrical resistance has been m easured directly in the 
pial capillaries on the surface o f  the brain (Butt e t al. 1990). These vessels have
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• • * 2 electrical resistance in the region o f 1000 -  2000 Q.cm , but w hether or not they are
equivalent to parenchym al capillaries is unclear. In adult rodent brains, barrier
function m ay be assessed by the introduction o f  dyes into the circulation and
m onitoring their perm eation into the brain, however, in em bryonic or neonate
anim als, the introduction o f  dyes can disrupt the barrier by increasing either the
volum e o f  blood or its onconic pressure (Rubin and Staddon 1999). However,
studies by Qin and Sato have shown that BBB specific markers are detected in the
em bryonic mouse brain at E10.5, before astrocytes are present (Qin and Sato 1995).
Moreover, Saunders e t al. have dem onstrated that in rodent embryos serum proteins
are excluded from  the brain at relatively early tim es, but tha t the ionic barrier
responsible for high electrical resistance m ay not develop until later (Saunders e t al.
1991). Current data suggests that form ation o f  the BBB in v ivo  is a m ulti-step
process, occurring throughout the late embryonic and early postnatal periods.
1.2 Cell Biology o f th e  BBB
A lthough the barrier properties o f  the BBB can be attributed solely to the 
endothelial cells, it arises as a function o f  paracrine interactions between the three 
cellular components o f  the BBB, namely endothelial cells, astrocytes and pericytes. 
In the BBB, pericytes are outnum bered 5:1 by endothelial cells (Frank e t  al. 1987) 
w ith  the pericytes situated basolaterally  to endothelial cells and enveloped in 
“pockets” in the basal lam ina (Cancilla e t al. 1972). These pericytes form  cellular 
projections which penetrate the basal lamina and contact 20 -  30% o f the endothelial 
ablum inal m em brane (Frank e t al. 1987). A strocytes in v ivo  express a stellate 
m orphology w ith  num erous foo t processes. These foo t processes encircle 
approxim ately 99% o f the abluminal surface o f the capillary basem ent membrane 
(K acem  e t al. 1998) (see Fig. 1.2.1). Adjacent astrocyte foot processes are separated 
by a —20 nm  gap, which is readily diffusible by dyes (Brightman and Reese 1969), 
thus indicating they do not contribute to the physical barrier.
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Tight Junction
F igu re  1.2.1: Schematic diagram  o f the three-cell m odel o f  the blood-brain barrier 
showing the distribution o f  endothelial cells (EC), pericytes (Peri), astrocytes (Ast) 
and basal lam ina (BL).
1.2.1 T he Role o f C ereb ra l Pericy tes
The term  pericyte originates from  “peri-“ m eaning around and “cyto-“ 
m eaning cell was first coined by Zim m erm ann in 1923 and reflects the pericytes’ 
lo c a tio n  a t the  ab lu m in a l s ide  o f  m ic ro v esse ls  (Z im m erm ann 1923). 
M orphologically  pericytes have a  spherical cell body w ith a prom inent nucleus 
surrounded by a sm all am ount o f  cytoplasm , w hich form s num erous processes 
(Lafarga and Palacios 1975; Farrell e t  al. 1987). Pericytes are a  heterogeneous cell 
population exhibiting both tissue- and vessel-related m orphological and functional 
characteristics (H irschi and D A m ore 1996). As depicted above in figure 1.2.1, 
pericytes are only separated from  the endothelial cell by the basal lam ina through 
w hich they form  processes, which contact the endothelial cells directly. In  arterioles
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and venules, pericy tes are rounded w ith  extensive processes. However, in 
capillaries, such as those o f  the BBB, they exhibit an elongated cell body w ith short 
processes (Nehls and Drenckhahn 1991). BBB associated pericytes carry out a 
num ber o f  physiological processes including regulation o f  angiogenesis, tight 
junction  form ation as well as contributing to the structural stability o f  capillaries 
(Balabanov and Dore-Duffy 1998). In  addition, under pathological conditions, CNS 
pericytes engage in pinocytosis (Castejon 1984; H urter 1984). However, for the 
purpose o f  this body o f research, only the ability o f  pericytes to induce BBB 
characteristics in brain endothelial cells is o f  interest. A lthough astrocytes are 
com m only regarded as the signaling cell responsible for the induction o f  the BBB, 
studies where astrocytes are either absent or rem oved did not prevent form ation o f 
tight junctions w hen pericytes were present (Felts and Smith 1996; Jaeger and Blight 
1997). However, m ore recent studies indicate that CNS pericytes function primarily 
in BBB angiogenesis and capillary stabilization (Ram sauer e t al. 2002; Kim e t al. 
2006).
1.2.2 T he  Role o f C ereb ra l A strocytes
O f the two principle cell types in the brain, astrocytes and neurons, astrocytes 
com prise approxim ately 90% o f the hum an brain mass (Gee and K eller 2005). 
There are three distinct astrocyte phenotypes found in the brain. Fibrous astrocytes 
are located prim arily in the white m atter and express a distinct stellate morphology, 
w hilst p rotoplasm ic astrocytes, found m ainly in the grey matter, form  highly 
branched projections, which ensheath neighbouring neurons. Finally, the third class 
o f  astrocyte is the Bergm ann glia, w hich are found only in the Purkinje layer o f the 
cerebral cortex. A lthough astrocytes are electrically non-excitable cells (Simard et 
al. 2003), they are m ultifunctional in regulating brain hom eostasis and cerebral 
blood flow  (Iadecola 2004). A strocytes have long been recognized as regulating 
w ater hom eostasis in the brain (del Zoppo and Hallenbeck 2000) and several recent 
studies have indicated a role for astrocytes in m odulating neuronal signaling via 
propagative intracellular calcium  waves (Haydon 2001; Lin and Bergles 2004a, b).
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D uring neuronal signaling, there is rapid release o f  extracellular potassium  (K+), 
w hich needs to be removed quickly to prevent neuronal damage and erratic neuronal 
signaling. Astrocytes function in m aintaining extracellular K + levels through active 
and passive K+ uptake and spatial buffering (Ransom and Sontheim er 1995). In 
addition, astrocytes function as an im m unocom petent cell w ith in  the brain, 
regulating the brain im m une response. A strocytes have the capacity to express 
m ajor histocompatibility complex II (M HC II) antigens, as well as B7 and CD40, the 
co-stim ulatory m olecules necessary for antigen presentation and T-cell activation 
(for review, see Dong and Benveniste 2001). Moreover, astrocytes further modulate 
the im m une and inflam m atory response by secretion o f  cytokines including 
in terleuk in-1 (IL-1), tum or necrosis fac to r-a  (T N F -a) and interferon-y (IFN-y), 
w hich are associated  w ith the inflam m atory response, and inhibitors o f  the 
inflam m atory response such as transform ing growth factor-(3 (TGF-(3) and IL-4, -6 
and -10 (A schner 1998). However, the ability o f  astrocytes to induce barrier 
form ation in brain endothelial cells, thus resulting in the formation o f  the BBB, is o f 
upperm ost interest in relation to this study.
In  recent years, num erous studies have dem onstrated the ability o f  astrocytes to 
induce BBB phenotype in endothelial cells, how ever the m echanism s by which 
induction takes place and the agents m ediating BBB form ation are still largely 
undefined. Tran e t al. have dem onstrated that in astrocyte-endothelial co-culture 
m odels o f  the blood-brain barrier, levels o f  activated TGF-|3 are elevated, which in 
turn  m odulated endothelial phenotype (Tran e t al. 1999). M oreover, studies by 
G arcia e t  al. again dem onstrated that astrocyte-endothelial co-culture increased 
active TGF-P levels, which correlated with increased y-glutamyl-transferase (GGT) 
activity, w hich is a m arker o f  BBB phenotype in endothelial cells (G arcia e t al. 
2004). However, this study also indicated that contact between the two cell types 
was required for induction o f these properties. In a model o f  the BBB using bovine 
brain endothelial cells, it was found that basic fibroblast grow th factor (bFGF) 
reduced L-glucose perm eability and increased expression o f  alkaline phosphatase, in 
a  manner similar to astrocyte conditioned media (Sobue e t al. 1999). Furthermore,
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Ram sauer e t  al. have dem onstrated that both astrocytes and pericytes w ere required 
for the form ation o f  capillary-like structures (CLS) in 3-D matrigel (Ramsauer e t al. 
2002). Addition o f TGF-(3 to a co-culture o f  pericytes and endothelial cells led to 
rearrangem ent o f  the endothelial cells into CLS without pericyte recruitment, which 
w ere leaky and shorter than the tri-culture CLS. These data indicate that factors 
other than TGF-(3 are released by astrocytes and that close association o f  astrocytes 
and endothelial cells is required for BBB formation.
Glial cell line-derived neurotrophic factor (GDNF) is a member o f  the TGF-p family 
secreted by astrocytes in vitro  and in v ivo  (Lin e t al. 1993). Studies by Igarashi e t al. 
have dem onstrated the ability o f  GDNF to induce BBB characteristics in porcine 
b rain  endothelia l cells as assessed by TEER and perm eability  to m annitol. 
Furtherm ore, L ee e t al. have show n tha t src-suppressed C -kinase substrate 
(SSeCKS) released by astrocytes, decreased endothelial permeability via reduction 
o f  VEGF expression (Lee e t al. 2003).
However, signaling betw een endothelia l cells and astrocytes occurs in  both  
directions. For example, recent studies have shown that astrocyte differentiation is 
induced by endothelium -derived leukaem ia inhibitory factor (LIF) (M i e t al. 2001) 
and tha t astrocyte p ro liferation  is m odulated  by a soluble factor released by 
endothelial cells (Estrada e t  al. 1990). Furtherm ore, up-regulation o f  endothelial y- 
glutamyl-transpeptidase (yGTP) requires two-way cross talk between astrocytes and 
endothelial cells in co-culture (M izuguchi e t a l  1997).
F ig u re  1.2.2.1: Schem atic 
diagram  showing exam ples 
o f  b id irec tio n a l signaling  
b e tw e e n  a s tro c y te s  and  
endothelial cells associated 
w ith formation o f  the BBB
Thus, it w ould seem  that a synergistic relationship exists between astrocytes and 
endothelial cells; that is, that astrocytes in co-culture w ith endothelial cells are 
stim ulated to secrete factors leading to tight junction form ation in the endothelial 
cell, and in  tu rn  endothelial-derived factors m odulate astrocyte grow th and 
differentiation.
1.2.2.1 C6 G liom a
Primary cultures o f  astrocytes de-differentiate rapidly in v itro , and as such 
are generally used at passage 0 - 2  (Demeuse e t  al. 2002; Zhang and H arder 2002; 
Jeliazkova-M echeva and Bobilya 2003; Torok e t  al. 2003; G arcia e t  al. 2004). 
R odent pup brains, usually  m ouse or rat, are m ost frequently used to isolate 
astrocytes, but due to the small size o f  the brain, there is a low cell yield per animal. 
A s such , large num bers o f  an im als m ust be sacrificed  for con tinuous 
experim entation, thus leading to batch-to-batch variations between cell populations 
and raising ethical issues associated w ith continued animal sacrifice. Furtherm ore, 
studies have shown that the prim ary astrocytes isolated do not arise from  p re­
existing m ature astrocytes, bu t rather from  proliferating glial p recursor cells 
(Juurlink e t  al. 1981; G oldm an e t al. 1986). Thus, the resulting m ature astrocyte 
phenotype will be dictated by the culture conditions and growth factors in  which the 
glial precursor cells are cultured, and as such m ay differ significantly from  an 
astrocyte in v ivo . For these reasons, im m ortalized astrocyte cell lines and 
continuous cultures are frequently used for in vitro  studies, the m ost commonly used 
being the C6 gliom a cell line. The C6 gliom a cell line was cloned from  a rat glial 
tum or induced by N -nitrosom ethylurea (Benda e t  al. 1968). It is an adherent cell 
line, w ith a typically fibroblast morphology in culture. C6 glioma in co-culture with 
endothelial cells have been shown to increase TEER and decrease transendothelial 
perm eability to tracer m olecules, two factors indicative o f  tight junction form ation 
and endothelial barrier function (Abbruscato and Davis 1999; Torok e t  al. 2003). 
Furtherm ore, co-culture o f  endothelial cells w ith C6 glioma, or C6 gliom a-derived
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conditioned  m edia, increased expression o f  B B B -specific m arkers, including 
alkaline phosphatase and yGTP (Beck e t  al. 1984; Beck e t al. 1986; Rubin e t al. 
1991; Roux e t al. 1994; Plateel e t al. 1997). Therefore, the endothelial cell:C6 
gliom a co-culture is widely accepted as a suitable model o f  the BBB.
1.3 T ight Junctions
A s previously stated, the BBB is responsible for m aintenance o f  brain 
m icroenvironm ent homeostasis by preventing blood-borne solutes from entering into 
the brain ISF. The paracrine interactions between endothelial cells, astrocytes and to 
a lesser extent, pericytes are responsible for the induction o f  the BBB phenotype in 
endothelial cells. However, it is the tight junctions, which seal the intercellular cleft 
betw een adjacent endothelial cells and thus prevent paracellu lar flux, that are 
directly responsible for the barrier function in the BBB (Reese and K am ovsky 1967; 
Brightm an and Reese 1969; N abeshim a e t al. 1975; van Deurs and K oehler 1979; 
M ollgard and Saunders 1986; Rascher and Wolburg 1997; K niesel and Wolburg 
2000). Freeze fracture studies have show n that structurally tight junctions are 
form ed by continuous bands o f parallel intra-m em brane strands o f  proteins, which 
form  a series o f  individual barriers (Farquhar and Palade 1963; Claude and 
G oodenough 1973; Schneeberger e t al. 1978), thus leading to increased electrical 
resistance and decreased paracellular permeability (Claude 1978). Tight junctions o f 
the BBB are apically (blood-facing) located, w ith adherens junctions situated at the 
basal m em brane (brain-facing) (see Fig. 1.3.1.1). Furthermore, in tight junctions o f 
the BBB, com ponents o f  the adherens and tight junctions are interconnected along 
the intercellular cleft (Schulze and Firth 1993). Experim ents by G um biner and 
Simons have revealed that blocking antibodies against E-cadherin, w hich is essential 
for adherens junc tion  form ation, also prevented tight junction  form ation, thus 
indicating that functional adherens junctions are a prerequisite to tigh t junction 
formation (Gum biner and Simons 1986). As tight junctions and adherens junctions 
are both  b iochem ically  and spatially  d istinct, it w ould  seem  tha t com m on 
cytoplasm ic or cytoskeletal com ponents are responsible for the interconnection
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b e t w e e n  t h e  t w o  j u n c t i o n s .
1.3.1 T igh t Ju n c tio n  P ro te ins
Tight junctions are com prised o f  both  integral m em brane proteins, w hich 
span the intercellular cleft, and peripheral proteins, w hich function as scaffolding 
proteins and link the membrane proteins to the cytoskeleton.
Claudins Occludin
! :
Apical plasma membrane
j u u L  O  ' ' ~ T  0,n8u'm
Junctional 
adhesion molecule
Adherens
junction
a  4 C a d h e rin s  C a d h e rin s  t f j i  \  u
Key Z01 Z03 __ 7H6 Vlnculln
Z02 AF6 a-actlnln Catenins
Figure  1.3.1.1: Schem atic diagram  o f  the proposed interactions o f  the m ajor 
pro teins associated  w ith  tigh t junc tions and adherens junctions in  the BBB. 
(O rig in a lly  p u b lish e d  in Trends in N euroscience (H uber e t al. 2001)).
As depicted above, there are three transm em brane proteins in  tigh t junctions, 
occludin, claudins and junctional adhesion m olecules (JAMs). Occludin is a  60-65 
kD a protein, and w as the first tigh t junc tion  in tegral m em brane pro tein  to be 
identified (Furuse e t al. 1993). Primarily associated w ith regulation o f  tight junction 
function (Hawkins and D avis 2005; Yu e t al. 2005), the role o f  occludin in tight
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ju n c t io n s  is  d is c u s s e d  in  d e ta il in  se c tio n  1 .3 .1 .1 . T h e re  a re  a p p ro x im a te ly  2 0  
id e n tif ie d  m em b e rs  o f  th e  c la u d in  fa m ily  o f  p ro te in s , w ith  m o le c u la r  m a sse s  o f  
a p p ro x im a te ly  23 k D a  a n d  s p e c if ic  d is tr ib u tio n  p a t te rn s  d e p e n d in g  o n  t is su e  
lo ca liza tio n , w h ich  are  a sso c ia ted  w ith  th e  d iffe ren ces  in  tissu e  p e rm eab ility  (F u ru se  
e t al. 1999; R a h n e r  e t  al. 2 0 0 1 ; K iu c h i-S a ish in  el al. 2 0 0 2 ). C lau d in s  h av e  fo u r 
tra n sm e m b ra n e  d o m a in s , w ith  a  sh o rt N -te rm in u s , tw o  e x tra c e llu la r  lo o p s  a n d  a 
cy to p la sm ic  C -te rm in a l. D u rin g  t ig h t ju n c tio n  fo rm a tio n , c lau d in s  fo rm  d im ers  an d  
b in d  h o m o ty p ic a lly  to  c la u d in  s tran d s  o n  a d ja c e n t e n d o th e lia l ce lls  (F u ru se  e t al.
1999). C lau d in s  a re  a n c h o re d  to  th e  c y to sk e le to n  v ia  P S D -9 5 /D lg /Z O -l (P D Z ) 
b in d in g  d o m a in s  th a t  a llo w  in te ra c tio n  w ith  th e  z o n u la  o c c lu d e n s  (Z O ) p ro te in  
fam ily  (I to h  e t al. 1999; H a m a zak i e t al. 2002). T h e  th ird  fam ily  o f  tran sm em b ran e  
p ro te in s  a s so c ia te d  w ith  t ig h t ju n c tio n s  a re  th e  JA M s. To d a te , th ree  JA M s h av e  
b e e n  id e n tif ie d  k n o w  as JA M -A , JA M -B  an d  JA M -C . JA M s b e lo n g  to  th e  C T X  
fa m ily  o f  th e  im m u n o g lo b u lin  su p e rfam ily  an d  a re  a sso c ia te d  w ith  fo rm a tio n  an d  
m a in ten an c e  o f  t ig h t ju n c tio n s  (M a rtin -P a d u ra  e t  al. 1998). E a c h  o f  th e  th ree  JA M s 
h av e  ex trace llu la r V -type and  C 2 -ty p e  d o m ain s , a  s in g le  tran sm em b ran e  re g io n  an d  a  
c y to p la sm ic  C -te rm in u s  (S a w a d a  e t al. 2 0 0 3 ). T h e  cy to p la sm ic  ta il  o f  a ll th re e  
JA M s  c a n  b in d  to  c in g u lin , o c c lu d in , A F -6 , a n d  Z O -1  d u rin g  t ig h t  ju n c t io n  
fo rm a tio n  (B azzo n i e t  al. 2000 ; E b n e t e t al. 2000 ; H am azak i e t al. 2002).
T h e  in teg ra l m e m b ra n e  p ro te in s  o f  t ig h t ju n c tio n s  a re  an ch o red  to  th e  cy to sk e le to n  
b y  a  co m p lex  a rray  o f  p e r ip h e ra l p ro te in s , w h ich  fo rm  a  cy to p lasm ic  p laq u e  ad jac en t 
to  th e  ju n c tio n a l ce ll m em b ra n e . Z o n u la  o cc lu d e n s  p ro te in s , n am e ly  Z O -1 , Z O -2  
a n d  Z O -3 , b e lo n g  to  th e  la rg e  m e m b ra n e -a sso c ia ted  g u an y la te  k in a se - lik e  p ro te in s  
(M A G U K s), a re  c r itic a l p e r ip h e ra l p ro te in s , an d  a re  d iscu ssed  in  d e ta il  in  sec tio n
1 .3 .1 .2 . A L L -1  fu s io n  p a r tn e r  fro m  ch ro m o so m e  6 (A F -6 ) h as  a  P D Z  b in d in g  site  
a n d  in te ra c ts  w ith  Z O -1  a t th e  N -te rm in a l R a s -b in d in g  d o m a in  (Y am am o to  e t  al.
19 9 7 ). A F -6  ac ts  a s  a  sc a ffo ld in g  p ro te in  re g u la tin g  c e ll-c e ll  c o n ta c ts  in  t ig h t 
ju n c tio n  fo rm a tio n . T h e  p h o sp h o p ro te in , 7H 6  a n tig e n  (7 H 6 ) w as  f irs t id en tif ie d  b y  
Z h o n g  e t  al. in  1 9 9 3 , a n d  h a s  s in c e  b e e n  sh o w n  to  p la y  a n  e s s e n tia l  ro le  in  
tran se n d o th e lia l p e rm e ab ility  to  io n s  an d  m acro m o lecu les  (Z h o n g  e t al. 1993; Z h o n g
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e t al. 1 9 9 4 ; S a to h  e t al. 1996). C in g u lin  (1 4 0  k D a ) w a s  f irs t  id e n tif ie d  a s  a 
p e r ip h e ra l  t ig h t ju n c t io n  p ro te in  in  a v ia n  b ru s h -b o rd e r  c e lls  (C iti e t  al. 1988). 
F u rth e r  s tu d ies  h av e  sh o w n  th a t in  its  p u rif ie d  fo rm , c in g u lin  is a  h ea t-s ta b le  d im er, 
c o m p o se d  o f  tw o  p o ly p e p tid e s  in te r tw in e d  in to  a  “ co ile d  c o il”  (C iti e t  al. 1989). 
C in g u lin  ac ts  as a  sca ffo ld in g  p ro te in , l in k in g  p e r ip h e ra l t ig h t ju n c tio n  p ro te in s  to  
th e  c y to sk e le to n , a n d  c a n  b in d  Z O -1 , Z O -2 , m y o s in , JA M s a n d  A F -6  a t its  N - 
te rm in u s  and  m y o sin  an d  Z O -3 a t its  C -te rm in u s (C o rd en o n si e t al. 1999).
1.3.1.1 Occludin
In  1993, F u ru se  e t al. ra ise d  th ree  m o n o c lo n a l an tib o d ies  fro m  ch ick  liv ers , 
w h ic h  w e re  sp ec ific  fo r  a  ~65  k D a  p ro te in  in  ra ts . F u rth e r an a ly sis  rev ea led  th a t th is  
n ew ly  id en tif ied  in teg ra l m em b ra n e  p ro te in  is  e x c lu s iv e ly  ex p re ssed  in  en d o th e lia l 
an d  ep ith e lia l t ig h t ju n c tio n s  an d  w as su b seq u e n tly  n am ed  o cc lu d in . D N A  c lo n in g  
an d  seq u e n c in g  re v e a le d  th a t o c c lu d in  cD N A  e n c o d e d  a  504  am in o  ac id  p ro te in  o f
5 5 .9  k D a . (F u ru se  e t al. 1993). O c c lu d in  is  a  h ig h ly  c o n se rv e d  p ro te in  w ith  
a p p ro x im a te ly  90%  seq u en ce  h o m o lo g y  b e tw e e n  h u m an , m u rin e  an d  can in e  fo rm s. 
H o w ev er, m a rs u p ia l  a n d  a v ia n  o c c lu d in  re ta in  o n ly  5 0 %  h o m o lo g y  w ith  th e  
m a m m a lia n  s tru c tu re  (A n d o -A k a tsu k a  e t al. 1996). M o reo v er, d esp ite  v a ria tio n s  in  
th e  am in o  a c id  seq u e n ce , e a ch  o f  th e  s p e c ie s ’ o c c lu d in  h o m o lo g u e s  co n ta in  fo u r  
tran sm em b ran e  d o m a in s  an d  re ta in  th e  ab ility  to  fo rm  a  co iled -co il s tru c tu re  w ith in  
th e ir  C O O H  tail.
1.3.1.1.1 Occludin Structure and Function
S im ila r  to  th e  c la u d in  s tru c tu re , o c c lu d in  c o n ta in s  fo u r  t ra n s m e m b ra n e  
d o m a in s , tw o  e x tra c e l lu la r  lo o p s  a n d  c y to p la s m ic  C - a n d  N - te rm in a ls  (F ig . 
1 .3 .1 .1 .1 .1 ), h o w ev er, th e re  is no  seq u en ce  h o m o lo g y  b e tw e en  th e  tw o  (F u ru se  e t al.
1 9 9 8 ). T h e  fo u r  tra n s m e m b ra n e  d o m a in s  d iv id e  o c c lu d in  in to  f iv e  se p a ra te  
d o m ain s , re fe rred  to  as  d o m ain s  A -E  (F u ru se  e t al. 1994). T h e  cy to p lasm ic  C O O H - 
ta i l  (d o m a in  E ) o f  o c c lu d in , is  r ic h  in  c h a rg e d  am in o  a c id s , w h ils t  th e  tw o
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ex tracellu lar  lo o p s  (d o m a in s  B  and D ) are rich  in  g ly c in e  and  tyrosin e  resid u es.
Membrane Cytoplasm
Octiudin
( § )  = Glycine 
= Tyrosine
Extracellular -
Figure 1.3.1.1.1.1: S c h e m a tic  re p re s e n ta t io n  o f  o c c lu d in  s tru c tu re  an d  
do m ain s. A d ap ted  fro m  (F e ld m an  e t al. 2005).
C O O H -te rm in a l fu s io n  p ro te in  ex p e rim en ts  by  F u ru se  e t  al. in d ica ted  th a t th e  sam e 
seq u e n ce  w ith in  d o m a in  E  w a s  n e c e ssa ry  fo r b o th  lo c a liz a tio n  o f  o c c lu d in  a t th e  
t ig h t ju n c tio n  a n d  b in d in g  to  Z O - l/Z O -2  (F u ru se  e t al. 1994). H ow ever, co n flic tin g  
d a ta  fro m  B a id a  e t al. u s in g  C O O H -te rm in a lly  tru n ca ted  ch ick e n  o cc lu d in  in d ica ted  
th a t th e  cy to p lasm ic  d o m ain  o f  o cc lu d in  is  n o t essen tia l fo r in co rp o ra tio n  o f  o cc lu d in  
in to  th e  t ig h t ju n c t io n ,  b u t th a t  it m ay  p la y  a  re g u la to ry  ro le  in  d ic ta tin g  t ig h t  
ju n c tio n  b a r r ie r  fu n c tio n  (B a id a  e t  al. 1996b). F u rth e r  s tu d ies  by M cC arth y  e t  al. 
s h o w e d  th a t w h e n  c h ic k  o c c lu d in  cD N A  w as  tra n s fe c te d  in to  M ad in -D arb y  can in e  
k id n ey  (M D C K ) ce lls , th e re  w as  an  in c rease  in  th e  n u m b e r o f  t ig h t ju n c tio n  stran d s 
a n d  d ec rea sed  p e rm e ab ility  to  m an n ito l (M cC arth y  e t al. 1996). H ow ever, co n tin u ed  
o v e r  e x p re ss io n  o f  o cc lu d in  le d  to  an  in c rease  in  p a ra c e llu la r  p erm eab ility , w ith o u t 
lo s s  o f  tr a n s e p ith e lia l  e le c tr ic a l  re s is ta n c e . M c C a r th y  th e n  h y p o th e s iz e d  th a t
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in te ra c tio n  o f  o cc lu d in  w ith  ZO -1 w as n e c e ssa ry  fo r o cc lu d in  to  fu n c tio n  w ith in  th e  
t ig h t  ju n c tio n . T h ey  p o s tu la te d  th a t w h e n  o c c lu d in  is  g ro ss ly  o v e r  e x p re ssed  in  
M D C K  ce lls  th a t th e  Z O -1  p o o l o f  p ro te in  b ec o m e s  sa tu ra te d  an d  th a t th e  free  
o c c lu d in  th a t  c a n n o t b in d  to  Z O -1  fo rm s  p o re s  w ith in  th e  t ig h t  ju n c tio n , th u s  
in c reas in g  p a race llu la r  f lu x  (M cC arth y  e t al. 1996).
E x p e r im e n ts  by  C h e n  e t a l  u s in g  X e n o p u s  em b ry o s , in d ic a te d  th a t d u rin g  tig h t 
ju n c tio n  fo rm a tio n , th e re  is o lig o m e riz a tio n  o f  o c c lu d in  s tran d s  (C h en  e t al. 1997) 
an d  th a t th is  in te ra c tio n  o cc u rs  v ia  a  co iled -co il s tru c tu re  w ith in  th e  C O O H  te rm in u s  
(A n d o -A k a tsu k a  e t  al. 1996). S u b se q u e n t s tu d ie s  h a v e  in d ic a te d  a ro le  fo r  th e  
C O O H  te rm in a l in  in trac e llu la r  tra ffick in g  o f  o cc lu d in  to  th e  tig h t ju n c tio n  an d  th a t 
t ra f f ic k in g  o c c u rs  v ia  an  in te rm e d ia te  in se r tio n  in to  th e  b a so la te ra l  m e m b ra n e  
(M a tte r a n d  B a id a  1998). M o reo v er, M u e lle r e t al. h av e  re v ea led  th a t th e  co iled -co il 
d o m a in  w ith in  th e  C -te rm in u s  o f  o c c lu d in  d im erize s  a n d  in te ra c ts  w ith  Z O -1 a s  a  
fo u r-h e lix  bund le . T h is  fo u r-h e lix  b u n d le  (406  -  521) in te rac ts  w ith  th e  h in g e  re g io n  
(591 -  632) and  G u K  d o m a in  (7 2 6  -  754) o f  ZO -1 (M u lle r e t al. 2005).
W h ile  it is  ev id en t th a t th e  C -te rm in a l o f  o cc lu d in  is a sso c ia ted  w ith  b in d in g  to  ZO -1 
a n d  p ro te in  tra f f ic k in g , th e  e x tra c e llu la r  a n d  tra n sm e m b ra n e  d o m a in s  fu n c tio n  
p rim arily  in  ce ll-ce ll ad h e s io n  an d  reg u la tio n  o f  th e  t ig h t ju n c tio n  barrier. S tud ies by  
L acaz -V ie ira  e t  al. h av e  sh o w n  th a t th e  f irs t ex tra ce llu la r  lo o p  o f  o cc lu d in  fu n c tio n s  
in  se a lin g  t ig h t  ju n c tio n s  b y  h o m o lo g o u s  in te ra c tio n  w ith  o c c lu d in  e x tra c e llu la r  
lo o p s  o n  a d ja c e n t c e lls  (L acaz -V ie ira  e t al. 1999). T h e y  d e m o n s tra te d  th a t  th e  
sea lin g  p o ten tia l o f  o cc lu d in  w as  red u ced , as sh o w n  by  e lec trica l re s is tan ce  read in g s, 
fo l lo w in g  a d d it io n  o f  s y n th e tic  p e p tid e s  h o m o lo g o u s  to  re g io n s  o f  th e  f i r s t  
ex tra c e llu la r  lo o p  o f  o cc lu d in . M o reo v er, th e  seco n d  ex tra c e llu la r  lo o p  o f  o cc lu d in  
h a s  b e e n  sh o w n  to  m o d u la te  t ig h t  ju n c tio n  in teg rity , lo c a liz a tio n  o f  o cc lu d in  a t th e  
t ig h t  ju n c t io n  an d  o v e ra ll  o c c lu d in  p ro te in  c o n te n t w ith in  th e  ce ll (W ong  an d  
G u m b in e r  1997). F u r th e r  s tu d ie s  b y  M e d in a  e t  al. h av e  in d ic a te d  a  ro le  fo r th e  
seco n d  ex tra ce llu la r  lo o p  in  tra ffick in g  o cc lu d in  fro m  th e  in te rm ed ia te  s to p -o ff  p o in t 
a t th e  b a s o la te ra l  m e m b ra n e  to  th e  ap ica l t ig h t  ju n c t io n  (M e d in a  e t al. 2 0 0 0 ).
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H o w ev er, B a id a  et al. h av e  sh o w n  th a t m u ltip le  e x tra c e llu la r  an d  tran sm em b ran e  
d o m a in s  o f  o cc lu d in  reg u la te  th e  se lec tiv e  p a race llu la r  p e rm e ab ility  a sso c ia ted  w ith  
t ig h t ju n c tio n s  (B a id a  e t al. 2000).
A l th o u g h  m a n y  s tu d ie s  h a v e  fo c u s e d  o n  th e  fu n c tio n s  o f  th e  C - te rm in a l ,  
tra n sm e m b ra n e  an d  e x tra ce llu la r  d o m a in s  o f  o cc lu d in , little  is k n o w n  ab o u t th e  N - 
te rm in u s . B y  u s in g  an  N -te rm in a lly  tru n ca ted  o cc lu d in  co n stru c t, w h ich  lack ed  the  
N -te rm in u s  an d  e x tra c e llu la r  d o m a in s , B a m fo rth  e t al. sh o w ed  th a t th e  tru n ca ted  
o c c lu d in  a sso c ia te d  w ith  Z O -1 an d  b ec am e  in co rp o ra ted  in to  th e  tig h t ju n c tio n , b u t 
th a t b a rrie r  fu n c tio n  w as  re d u ced  (B am fo rth  e t al. 1999).
T h e  h u m a n  o cc lu d in  gen e  h a s  b e e n  m ap p ed  to  ch ro m o so m e  b an d  5 q .l3 .1 , h o w e v er 
n o r th e rn  b lo t an a ly s is  in d ic a te s  th a t  th e re  a re  sev e ra l sp lic e  v a r ia n ts  o f  th e  g en e  
(S a ito u  e t  al. 1997). M an k e rtz  e t al. id en tified  fo u r sp lice  v arian ts  o f  o cc lu d in , tw o  
o f  w h ic h  (o c c lu d in  II a n d  II I)  do  n o t ex p re ss  th e  fo u r th  tra n sm e m b ra n e  d o m ain . 
B o th  o c c lu d in  II a n d  III fa il to  b in d  to  ZO -1 an d  sh o w  a lte red  ce llu la r  d is trib u tio n , 
th u s  in d ica tin g  a  ro le  fo r th e  fo u r th  tra n sm em b ran e  d o m a in  in  re g u la tin g  o cc lu d in  
tra f fic k in g  an d  b in d in g  to  Z O -1  (M a n k e rtz  e t al. 20 0 2 ). A  la rg e r fo rm  o f  o cc lu d in  
n a m e d  o c c lu d in  IB  h a s  b e e n  id e n tif ie d  as a n  a lte rn a tiv e  sp lic e  v a r ia n t, w h ic h  
co n ta in e d  a  193 b p  in se rtio n  seq u en ce  co rre sp o n d in g  to  a  u n iq u e  56 am in o  ac id  N - 
te rm in a l seq u en ce  (M u re san  e t al. 2 0 0 0 ). O cc lu d in  IB  sh o w s id en tic a l ex p ress io n  
a n d  lo c a liz a tio n  p a tte rn s  as o c c lu d in  and  is h ig h ly  co n se rv ed  th ro u g h o u t a  ran g e  o f  
tis su e s  an d  sp ec ie s  (M u re san  e t al. 20 0 0 ). T h erefo re , it is p o ss ib le  th a t o cc lu d in  IB  
p la y s  a  p u ta tiv e  ro le  in  re g u la tin g  b a r r ie r  fu n c tio n  v ia  th e  a lte rn a tiv e  in se r tio n  o f  
o cc lu d in  o r o cc lu d in  IB  in to  t ig h t ju n c tio n s .
1.3.1.1.2 Occludin Regulation
A lth o u g h  it h as  b e e n  sh o w n  th a t  o c c lu d in  ca n  b e  re g u la te d  b y  cy to k in e s  
(J ian g  e t al. 1999; L u i e t al. 2 001 , 2 0 0 3 ), p ro teases  (W an  e t al. 1999; W u e t al. 2000 ; 
W an  e t al. 2 0 0 1 ) an d  sm all G T P ases  (G o p a lak rish n an  e t  al. 1998; Jo u  e t al. 1998; L i
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an d  M rsn y  2 0 0 0 ), fo r  th e  m o s t p a r t,  i t  w o u ld  seem  th a t  o c c lu d in  is  p r im a r ily  
r e g u la te d  v ia  its  p h o s p h o ry la t io n  s ta te . T h e  a c tio n  o f  s p e c if ic  k in a s e s  an d  
p h o sp h a ta se s  a llo w s th e  ra p id  p h o sp h o ry la tio n  an d  d e p h o sp h o ry la tio n  o f  o cc lu d in  
o n  b o th  se rin e /th reo n in e  an d  ty ro s in e  re s id u e s , an d  ap p ea rs  to  b e  a  k ey  m ech a n ism  
in  re g u la tin g  o cc lu d in  function .
S e v e ra l s tu d ie s  h a v e  e lu c id a te d  th a t o c c lu d in  is  n o t on ly  e x p re sse d  as a  65 k D a  
p ro te in , b u t th a t  it o cc u rs  in  m an y  p h o s p h o ry la tio n  s ta te s  b e tw e e n  65 -  82 k D a  
(S a k a k ib a ra  e t al. 1997; W ong  1 9 9 7 ; F a rs h o r i  an d  K a c h a r  1 9 9 9 ). Tai e t  al. 
d em o n s tra te d  th a t in  T 84 h u m a n  co lo n  c a n ce r ce lls, o cc lu d in  is re g u la ted  by  p ro te in  
k in a se  C  (P K C ) an d  th a t in h ib itio n  o f  P K C  u s in g  sp ec if ic  in h ib ito rs  led  to  re d u ced  
e le c tr ic a l  re s is ta n c e , in d ic a t iv e  o f  lo s s  o f  b a r r ie r  fu n c tio n  (T ai e t al. 1996). 
F u r th e rm o re ,  in  M D C K  c e lls ,  h ig h ly  p h o s p h o ry la te d  fo rm s  o f  o c c lu d in  o n  
se r in e /th re o n in e  re s id u e s  a re  co n c e n tra te d  a t th e  t ig h t ju n c tio n  an d  co rre la te  w ith  
in c re ased  e lec trica l re s is tan ce  (S a k a k ib a ra  e t al. 1997). M o reo v er, in  ca lc iu m  sw itch  
e x p e rim en ts , w h ic h  in d u ce  tig h t ju n c tio n  fo rm a tio n  in  M D C K  ce lls , tre a tm e n t w ith  
p o ta to  ac id  p h o sp h a ta se  p re v e n te d  th e  ap p ea ran ce  o f  h ig h  m o lecu la r w e ig h t (H M W ) 
fo rm s  o f  o cc lu d in . O c c lu d in  w a s  d e tec ted  as lo w  m o le c u la r  w e ig h t (L M W ) b an d s  
ra n g in g  fro m  65 -  68 k D a , th u s  in d ic a tin g  th a t th e  H M W  o cc lu d in  a r ise  fro m  th e  
e x te n s iv e  p h o sp h o ry la tio n  o f  L M W  o c c lu d in  (W ong 1997). F u rth e rm o re , a d d itio n  
o f  a  sy n th e tic  p ep tid e  co rre sp o n d in g  to  an  ex tra ce llu la r  d o m ain  o f  o cc lu d in  red u ced  
e x p re s s io n  o f  H M W  o c c lu d in , w ith o u t  s ig n if ic a n t c h a n g e  in  L M W  o c c lu d in  
e x p re s s io n ,  a n d  lo w e re d  M D C K  e le c tr ic a l  r e s is ta n c e ,  th u s  in d ic a t in g  th a t  
h y p e rp h o sp h o ry la tio n  o f  o c c lu d in  o cc u rs  o n  th e  ex tra c e llu la r  lo o p s  (W ong 1997). 
A lth o u g h  p h o sp h o ry la tio n  o f  o c c lu d in  o n  se r in e /th re o n in e  re s id u e s  is  a s so c ia te d  
w ith  in c re a se d  b a r r ie r  fu n c tio n , ty ro s in e  p h o sp h o ry la tio n  o f  o cc lu d in  is  a sso c ia te d  
w ith  lo ss  o f  tig h t ju n c tio n  in teg rity  an d  in c reased  p a race llu la r p e rm eab ility  (S tad d o n  
e t  al. 1995; G lo o r e t al. 1997; W ach te l e t  al. 1999). S tu d ie s  in  o u r lab o ra to ry  b y  
C o llin s  e t al. h av e  sh o w n  th a t  th e  cy c lic  s tra in -in d u c ed  tig h t ju n c tio n  fo rm a tio n  in  
b o v in e  a o r tic  e n d o th e lia l  c e lls  (B A E C ) is  a s so c ia te d  w ith  d e c re a s e d  o c c lu d in  
ty ro s in e  p h o sp h o ry la tio n . M o reo v er, in h ib itio n  o f  ty ro s in e  d ep h o sp h o ry la tio n  by
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d e p h o s ta tin  p re v e n te d  th e  cy c lic  s tra in - in d u c e d  o c c lu d in  lo c a liz a tio n  a t th e  ce ll 
m em b ra n e , in d ica tin g  th a t ty ro s in e  d ep h o sp h o ry la tio n  is n ec essa ry  fo r  in co rp o ra tio n  
o f  o cc lu d in  in to  tig h t ju n c tio n s  (C o llin s  e t  al. 2006).
1.3.1.1.3 Occludin and Clinical Implications
A lte re d  o cc lu d in  ex p ress io n , lo ca liz a tio n  an d  p h o sp h o ry la tio n  are  asso c ia ted  
w ith  a  v a r ie ty  o f  m a la d ie s  an d  d ise a se  s ta te s . D ia r rh o e a  c a u se d  b y  b a c te r ia l 
in fe c tio n  is  a  m a jo r cau se  o f  in fan t m o rta lity  in  th e  th ird  w o rld . In  cases o f  ch ro n ic  
d ia rrh o ea  a sso c ia te d  w ith  in fec tio n  by  E sch e r ic h ia  coli, C lo str id iu m  p e r fr in g e n s  and  
V ibrio  ch o lera , th e re  is  o f te n  re d is tr ib u tio n  o f  o c c lu d in  fro m  th e  c e ll  p e rip h e ry , 
p ro te o ly tic  d ig e s tio n  o f  o c c lu d in  a n d /o r  d is so c ia tio n  o f  o c c lu d in  fro m  p e rip h e ra l 
t ig h t ju n c tio n  p ro te in s  (S in g h  e t  al. 2 0 0 0 ; W u e t al. 2 0 0 0 ; M c N a m ara  e t  al. 2001). 
F u r th e rm o re , C h la m y d ia  p n e u m o n ia e  in fe c tio n  an d  C ry p to c o c c u s  n e o fo rm a n s -  
in d u ced  en cep h a litis  a re  a sso c ia te d  w ith  a lte red  o cc lu d in  lo ca liz a tio n  an d  ex p ressio n  
w ith in  b ra in  c a p illa r ie s  (M a c In ty re  e t al. 2 0 0 2 ; C h en  e t al. 2 0 0 3 ). In  ad d itio n , 
o c c lu d in  e x p re s s io n  is  a lte red  in  n u m e ro u s  fo rm s  o f  c a n c e r  (P a p a d o p o u lo s  e t  al. 
2 0 0 1 ; D a v ie s  2 0 0 2 ; B illin g s  e t al. 2 0 0 4 ; T o b io k a  e t al. 2 0 0 4 b ; T o b io k a  e t  al. 2 0 0 4 a; 
T o k u n ag a  e t al. 2 0 0 4 ), in  th e  b lo o d -re tin a l b a rrie r  in  d iab e te s  (A n to n e tti e t al. 1998; 
B a rb e r  an d  A n to n e tti 2 0 0 3 ), an d  in  som e fo rm s o f  in flam m atio n  (H u b e r e t al. 2 000) 
a n d  a lle rg ie s  (R o b in so n  e t al. 2 0 0 1 ). M o reo v er, o cc lu d in  is a  c r itica l co m p o n en t o f  
t ig h t ju n c tio n s , w h ic h  g iv e  rise  to  th e  B B B , w h ich  in  tu rn  is  th e  m a jo r ra te -lim itin g  
s te p  in  n e u ro th e ra p e u tic  d ru g  d e v e lo p m e n t.  T h e re fo re , b y  e lu c id a tin g  th e  
m ec h a n ism s  o f  o cc lu d in  re g u la tio n  an d  fu n c tio n , w e  m ay  b e  ab le  to  m an ip u la te  the  
“o p e n ” an d  “ c lo se d ” sta te  o f  tig h t ju n c tio n s  an d  th u s  h av e  a  p ro fo u n d  c lin ica l im p act 
o n  a  v a rie ty  o f  d iseases.
1.3.1.2 Zonula Occludens
T h e firs t tig h t ju n c tio n  p ro te in  to  b e  id en tified  w as th e  p e r ip h e ra l m em b ran e  
a s s o c ia te d  z o n u la  o c c lu d e n s -1 (Z O -1 ) (S te v e n so n  et al. 1986). T h e re  a re  th ree
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k n o w n  m em b ers  o f  th e  zo n u la  o cc lu d en s  fam ily , ZO -1 (210  -  225 k D a ), Z O -2  (180  
k D a) an d  Z O -3  (130  k D a), a ll o f  w h ic h  are  u b iq u ito u sly  ex p re ssed  in  tig h t ju n c tio n s  
an d  ad h e re n s  ju n c tio n s  o f  e n d o th e lia l a n d  e p ith e lia l c e lls  (A n d e rso n  e t  al. 1988; 
Je sa itis  an d  G o o d e n o u g h  1994; H a sk in s  e t al. 1998). B a se d  o n  th e ir  s tru c tu re , th e  
Z O  p ro te in s  a re  m em b ers  o f  th e  m em b ra n e -a sso c ia te d  g u an y la te  k in ase  (M A G U K ) 
fam ily  an d  h av e  s im ila r s tru c tu res  an d  a  la rg e  d eg ree  o f  seq u en ce  hom ology .
1.3.1.2.1 ZO-1 Structure and Function
T h e  N -te rm in a l h a l f  o f  Z O -1 co n ta in s  th ree  P D Z  d o m ain s , an  S rc  o n co g en e  
h o m o lo g y  re g io n  3 (S H 3 ) a n d  a  c a ta ly tic a lly  in a c tiv e  g u a n y la te  k in a se  (G U K ) 
h o m o lo g u e . In  ad d itio n , th e  C -te rm in a l h a l f  co n ta in s  an  ac id ic  re g io n , a  v a r ia b le  
sp lice  re g io n  (a -d o m a in )  an d  a  p ro lin e -r ich  te rm in a l reg ion .
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Figure 1.3.1.2.1.1: D ia g ra m m a tic  re p re se n ta tio n  o f  th e  s tru c tu re  o f  Z O -1  p ro te in  
in d ic a t in g  b in d in g  d o m a in s  a n d  p a r tn e rs , p ro l in e - r ic h  a n d  a c id ic  re g io n s , a n d  
v a r ia b le  sp lice  r e g io n -a .  N u m b e rs  o f  am in o  ac id  fro m  p u b lis h e d  seq u e n ces  fo r  
h u m an  Z O -1 (W illo tt e t al. 1993).
P D Z  b in d in g  d o m ain s , fo u n d  in  Z O -1 , a re  ty p ic a lly  b e tw e e n  80  -  90  am in o  ac id s  
long  an d  u n d erg o  fo ld in g , w h ich  fo rm s  a  h y d ro p h o b ic  g ro o v e  in to  w h ich  th e  C O O H  
te rm in a l o f  ta rg e t p ro te in s  ca n  b in d  (F an n in g  an d  A n d e rso n  1999). T h e  P D Z -1  
d o m a in  o f  ZO -1 b in d s  d irec tly  to  th e  ca rb o x y -te rm in a l o f  c lau d in s  1 - 8  (I to h  e t al.
1 999) a n d  th u s  a n c h o rs  th e  tra n s m e m b ra n e  p ro te in s  to  th e  a c tin  c y to sk e le to n . 
H ow ever, P D Z  b in d in g  d o m a in s  m a y  a lso  b in d  to  o th e r  P D Z  s ite s  by  fo rm in g  
h o m o m e ric  an d  h e tro m e ric  c o m p lex e s  (B ren m an  e t al. 1996). F o r ex am p le , Z O -1
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b in d s  to  Z O -2  an d  Z O -3  v ia  d im e riz a tio n  o f  th e ir  P D Z  d o m a in s  (F an n in g  e t al. 
1998; H a sk in s  e t al. 1998; W ittch en  e t al. 1999). In  ad d itio n  to  b in d in g  Z O -2  and 
- 3 ,  P D Z -2  o f  Z O -1  in te ra c ts  w ith  th e  ex tre m e  ca rb o x y l te rm in a l o f  co n n ex in -4 3  
w h e re  it  s e rv e s  to  re c ru it  s ig n a lin g  p ro te in s  in to  g ap  ju n c tio n s  (G ie p m a n s  an d  
M o o le n a a r  1998). F u rth e rm o re , s tu d ies  b y  B azzo n i e t  al. h av e  sh o w n  th a t JA M -1 
co -p rec ip ita te s  w ith  ZO -1 an d  th a t in te ra c tio n  b e tw een  th e  tw o  o ccu rs  v ia  the  PD Z -3  
b in d in g  site  o n  ZO -1 and  a  p u ta tiv e  C -te rm in a l b in d in g  m o tif  o n  JA M -1 (B azzo n i e t  
al. 2000).
Z O -1  e x p re s s io n  in  c o n f lu e n t e p ith e lia l an d  en d o th e lia l ce lls  is  in  th e  fo rm  o f  a  
co n tin u o u s  su b m em b ran o u s  p laq u e  a d ja c e n t to  tig h t ju n c tio n  s tran d s. H o w ev er, in  
su b c o n f lu e n t m o n o lay e rs  o r  a t th e  ed g e  o f  w o u n d ed  m o n o lay e rs , Z O -1  lo ca lize s  to  
th e  n u c leu s  (G o tta rd i e t al. 1996). M o reo v er, th e  SH3 d o m a in  o f  Z O -1 b in d s  to  th e  
ZO -1 n u c le ic  ac id  b in d in g  p ro te in  (Z O N A B ), a Y -box tran sc rip tio n  fa c to r w h e re  it 
re g u la te s  g en e  ex p ress io n , in c lu d in g  th e  e rb B -2  p ro to -o n c o g en e  (B a id a  an d  M atte r
20 0 0 ). ZO -1 an d  Z O N A B  co -lo ca lize  a t b o th  th e  tig h t ju n c tio n  an d  th e  n u c leu s, and  
b in d  to  sp e c if ic  p ro m o te r  seq u e n ces  c o n ta in in g  an  in v e rte d  C C A A T  b o x , th ro u g h  
w h ic h  th e y  m o d u la te  ce ll cy c le  p ro g re ss io n  an d  p a race llu la r p e rm eab ility  (B a id a  and  
M a tte r  2000). F u rth erm o re , th e  SH3 d o m a in  o f  ZO -1 b in d s  Z O -1 -a sso c ia te d  k in ase  
(Z A K ), a  se r in e  p ro te in  k in a se  w h ich , p h o sp h o ry la te s  se rin e  re s id u e s  in  a  re g io n  
im m e d ia te ly  C -te rm in a l to  th e  SH 3 d o m a in  o f  ZO -1 (B a id a  e t al. 1996a).
A s  p re v io u s ly  s ta ted  in  sec tio n  1 .3 .1 .1 .1 , b in d in g  o f  o cc lu d in  w ith  Z O -1  is re q u ired  
fo r  tra f f ic k in g  o f  o c c lu d in  to  th e  t ig h t ju n c tio n  (M a n k e rtz  e t al. 2 0 0 2 ). T h e  four- 
h e lix  b u n d le  o f  o cc lu d in  b in d s  to  Z O -1  a t tw o  p o in ts ; th e  h in g e  re g io n  (lo ca ted  N - 
te rm in a lly  fro m  th e  G U K  d o m ain  5 9 1 -6 3 2 ) and  th e  G U K  d o m ain , co n ta in in g  co iled - 
co il an d  a - h e l ic e s  re sp e c tiv e ly  (M u lle r  e t al. 2 0 0 5 ). T h u s, Z O -1  ac ts  as a  lin k er 
p ro te in  a n d  a n c h o rs  o c c lu d in  to  th e  a c tin  c y to sk e le to n  (F a n n in g  e t al. 1998), 
a lth o u g h  o cc lu d in  c a n  also  b in d  d irec tly  to  ac tin  (W ittch en  e t  al. 1999).
Z O -1  e x p re s s io n  m a y  b e  re g u la te d  a t th e  p o s t- tra n sc r ip tio n a l lev e l b y  a lte rn a te
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sp lic in g . T h e  C -te rm in a l h a l f  o f  ZO -1 c o n ta in s  an  80 am in o  ac id  seq u en ce  te rm ed  
th e  a - m o t i f .  T w o sp lice  v a r ia n ts  o f  Z O -1  ex is t, Z O - l a + an d  Z O -1 a " ,  th e  la tte r  
la c k in g  th e  80 am in o  a c id  se q u e n c e  fo u n d  in  Z O - l a '+ (W illo tt e t  al. 19 9 2 ). 
E p ith e lia l an d  en d o th e lia l ce lls  ex p ress  b o th  th e  a + and  a -  iso fo rm s, h o w ev er, a + is 
th e  p re d o m in a n t fo rm  in  e p ith e lia l c e lls , w h ile  a "  is p re fe re n tia lly  e x p re s se d  in  
e n d o th e lia l ce lls  (B a id a  an d  A n d e rso n  1993). T h e re  is no  co rre la tio n  b e tw e en  ZO -1 
is o fo rm s  a n d  b a r r ie r  fu n c tio n , h o w e v e r  th e re  is  a c o r re la tio n  w ith  ju n c tio n a l  
p lastic ity . Z O -1  a ” is a sso c ia te d  w ith  s tru c tu ra lly  d y n am ic  ju n c tio n s  w h ils t a + is th e  
p re d o m in a n t fo rm  in  less d y n am ic  ju n c tio n s  (B a id a  and  A n d e rso n  1993).
A s th e re  is  a  h ig h  d eg ree  o f  h o m o lo g y  b e tw e e n  th e  N -te rm in a l h a l f  o f  Z O -1 , -2  and  
- 3 ,  i t  is p o s tu la ted  th a t the  C -te rm in a l re g io n  is re sp o n sib le  fo r th e  sp ec if ic  fu n c tio n s  
o f  e a c h  o f  th e  th ree  p ro te in s  a t th e  t ig h t  ju n c tio n . T h e  C -te rm in a l h a l f  o f  Z O -1 
co n ta in s  a  p ro lin e  r ic h  d o m a in  w ith  sev e ra l P X X P  m o tifs , w h ic h  ca n  b in d  to  SH3 
m o tifs  (K a tsu b e  e t al. 1998). M o reo v er, th e  C -te rm in a l re g io n  o f  ZO -1 fu n c tio n s  in  
b in d in g  to  th e  a c tin  c y to s k e le to n  (H o w a r th  an d  S te v e n so n  1 9 9 5 ; N y b o m  an d  
M ag n u sso n  1996; F an n in g  e t al. 1998), a lth o u g h  th e  ex ac t lo ca tio n  an d  s tru c tu re  o f  
the  a c tin -b in d in g  m o tif  is u n k n o w n . F u rth e rm o re , s tu d ies  by  Y am am oto  e t al. h av e  
sh o w n  th a t a sso c ia tio n  o f  A F -6  w ith  th e  tig h t ju n c tio n  is d ep en d en t o n  its  in te rac tio n  
w ith  Z O -1  (Y am am o to  e t al. 1997). In  a d d itio n , th e  C -te rm in a l re g io n  o f  Z O -1 
b in d s  to  c in g u lin , a  su b m em b ran o u s  t ig h t  ju n c tio n  p laq u e  p ro te in , v ia  its  co iled -co il 
d o m ain  (C o rd en o n si e t al. 1999).
T h u s , it w o u ld  seem  th a t ZO -1 is a  m u ltifu n c tio n a l co m p o n en t o f  th e  tig h t ju n c tio n . 
I t  a c ts  a s  a  sc a ffo ld in g  p ro te in , fo rm in g  a  lin k  b e tw e e n  th e  tra n sm e m b ra n e  tig h t 
ju n c t io n  s tra n d s  o f  o c c lu d in , c la u d in s  a n d  JA M , a n d  th e  a c tin  c y to sk e le to n . 
F u rth e rm o re , th e  N -te rm in a l o f  Z O -1 is  in v o lv ed  in  c lu s te rin g  o f  P D Z -e x p re ss in g  
p ro te in s  a t th e  su b m em b ran o u s  tig h t ju n c tio n  p laq u e . M o reo v er, Z O -1  fu n c tio n s  in  
tra ffick in g  o f  p ro te in s , in c lu d in g  o cc lu d in , to  th e  tig h t ju n c tio n , re g u la tio n  o f  gene 
tran sc rip tio n  v ia  Z O N A B  a n d  m o d u la tio n  o f  th e  ce ll cycle .
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1 .3 .1 .2 .2 Z O -1  R e g u la t io n
Z O -1  c o n ta in s  sev e ra l p h o s p h o ry la t io n  s ite s , an d  th e  p o s t- tra n s la t io n a l  
r e g u la t io n  o f  its  p h o s p h o ry la t io n  s ta te  im p a c ts  d ire c t ly  o n  its  fu n c tio n  an d  
lo ca liz a tio n  (A n d e rso n  e t al. 1988; B a id a  e t  al. 1993; C o llin s e t al. 2006).
T ak e d a  an d  T su k ita  d em o n s tra te d  th a t in  M D C K  ce lls , ty ro s in e  p h o sp h o ry la tio n  o f  
Z O -1  c o rre la te d  w ith  a  3 0 %  re d u c tio n  in  e le c tr ic a l re s is tan ce  (T ak ed a  an d  T suk ita  
1995). F u r th e r  s tu d ie s  h av e  sh o w n  th a t a  V E G F -in d u c e d  in c re a se  in  ra t  re tin a l 
en d o th e lia l ce ll p e rm e ab ility  w a s  a sso c ia te d  w ith  th e  rap id  ty ro s in e  p h o sp h o ry la tio n  
o f  Z O -1 (A n to n e tti e t al. 1999). M o reo v er, s tu d ie s  u sin g  M D C K  ce lls  h av e  sh o w n  
th a t  ty ro s in e  p h o sp h o ry la tio n  o f  Z O -1  le a d s  to  its  re d is tr ib u tio n  a n d  d e c re a se  in  
b a r r ie r  fu n c tio n  (S ta d d o n  e t al. 1995; C o lla re s -B u z a to  e t al. 1998). T h e re fo re , it 
w o u ld  seem  th a t  ty ro s in e  p h o sp h o ry la tio n  o f  ZO -1 w eak en s ju n c tio n a l seals.
In  co n tra s t, p h o sp h o ry la tio n  o f  Z O -1  o n  se r in e /th reo n in e  re s id u e s  in c re a se s  t ig h t 
ju n c tio n  fo rm a tio n  an d  b a rrie r  fu n c tio n . S tu d ies  by  C o llin s  e t al. in  o u r lab o ra to ry  
h av e  sh o w n  th a t fo llo w in g  cy c lic  s tra in -in d u c ed  t ig h t ju n c tio n  fo rm a tio n , th e re  is a  
s ig n ific an t in c re a se  in  Z O -1  p h o sp h o ry la tio n  o n  b o th  se rin e  an d  th reo n in e  re s id u es, 
w h ic h  w as  a c c o m p a n ie d  by  d ra m a tic  re a lig n m e n t o f  Z O -1  to  th e  ce ll m em b ran e . 
M o reo v er, in h ib itio n  o f  p h o s p h o ry la tio n  w ith  ro ttle r in , a  p ro te in  k in a se  in h ib ito r, 
c o m p le te ly  a b ro g a te d  th e  cy c lic  s tra in - in d u c e d  Z O -1  lo c a liz a tio n  (C o llin s  e t  al. 
2 0 0 6 ). F u r th e rm o re , s tu d ie s  b y  D e n ise n k o  et al. h av e  sh o w n  th a t  in h ib it io n  o f  
p ro te in  k in ases  b y  H -7 , p re v en ted  th e  ca lc iu m  sw itch -in d u ced  re o rg an iza tio n  o f  Z O - 
1 in  M D C K  ce lls  (D en isen k o  et al. 1994).
1.3.1.2.3 ZO-1 and Clinical Implications
R e c e n t s tu d ie s  h a v e  sh o w n  th a t  lo ss  o f  Z O -1  is  a s s o c ia te d  w ith  p o o r  
p ro g n o s is  in  b re a s t cancer. S tu d ie s  by  H o o v e r e t al. sh o w ed  th a t in  n o rm a l b re a s t
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t is su e  Z O -1 s ta in in g  is co n tin u o u s  a lo n g  th e  ep ith e lia l ce ll p e rip h e ry . H o w ev er, in  
in filtra tin g  d u c t c a rc in o m as, th e re  w as  a  s ig n ific an t red u c tio n  in  th e  am o u n t o f  ZO -1 
s ta in in g , an d  th e  a m o u n t o f  Z O -1 s ta in in g  w a s  p o s itiv e ly  c o r re la te d  w ith  tu m o r 
d iffe ren tia tio n  (H o o v e r e t al. 1998).
F u rth e rm o re , H e lic o b a c te r  p y lo r i ,  a  b a c te r ia  w h ic h  is a sso c ia ted  w ith  th e  fo rm a tio n  
o f  s to m a c h  u lce rs , d u o d en a l u lce rs  an d  so m e  fo rm s  o f  s to m ach  can cer, h as  b een  
sh o w n  to  d is ru p t Z O -1 o rg a n iz a tio n  (A m iev a  e t  al. 2003). F o llo w in g  a ttac h m e n t o f
H. p y lo r i  to  th e  ce ll su rface , C ag A  p ro te in  is  sec re ted  fro m  th e  b a c te r iu m  in to  the  
h o s t ce ll (O d e n b re it  e t al. 2 0 0 0 ). ZO -1 an d  JA M -1 w ith in  th e  ce ll a re  re c ru ite d  to  
s i te s  o f  b a c te r ia l  a t ta c h m e n t,  th u s  le a d in g  to  d is ru p tio n  o f  b a r r ie r  fu n c tio n  
a c c o m p a n ie d  b y  a l te ra t io n  o f  th e  c e ll  s h a p e  in to  th e  ty p ic a l  h u m m in g  b ird  
m o rp h o lo g y  a sso c ia ted  w ith  H. p y lo r i  in fec tio n  (A m iev a  et a l  2003).
T h e  fa e c a l p e lle ts  o f  th e  c o m m o n  d u s t  m ite  D e r m a to p h a g o id e s  p te r o n y s s in u s  
co n ta in  b o th  se rin e  an d  cy s te in e  p ep tid ase s . W h e n  in h a led , th ese  p ep tid a se s  c leav e  
Z O -1 a n d  o c c lu d in , th u s  le a d in g  to  lo ss  o f  th e  t ig h t  ju n c t io n  b a rrie r, in c re a se d  
su scep tib ility  to  in h a led  a lle rg en s  an d  th e  in d u c tio n  o f  th e  im m u n e  re sp o n se  (W an e t 
al. 1999; W an e t  a l  2000 ; W an e t al. 2001).
A s Z O -1 is a  d ire c t ta rg e t fo r  sev e ra l d isease s , so m e o f  w h ich  a re  m e n tio n ed  above , 
a  g re a te r  u n d e rs ta n d in g  th e  d iv e rse  fu n c tio n s  o f  Z O -1  an d  th e  fa c to rs  w h ic h  
m o d u la te  it, m ay  p ro v id e  n o v e l s tra teg ie s  fo r  m an ip u la tin g  tig h t ju n c tio n s .
I.4 Haemodynamics
B lo o d  flo w in g  th ro u g h  th e  v a sc u la r sy s tem  ex erts  tw o  d is tin c t fo rce s  on  the 
v e s s e l  w a ll ,  n a m e ly  c y c lic  s t r a in  a n d  s h e a r  s tre s s . C y c lic  s t r a in  is  th e  
c irc u m fe re n tia l s tre tch , e x e rted  ta n g e n tia lly  to  th e  d ire c tio n  o f  f lo w  o n  th e  v esse l 
w a ll and  is  ca u sed  by  th e  p u lsa tile  n a tu re  o f  b lo o d  flo w  fro m  th e  heart. T h u s, cy c lic  
s tra in  is d irec tly  re la ted  to  p re ssu re  an d  v esse l d im en sio n s. T h e  cy c lic  s tra in  fo rce  is
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e x e r te d  o n  b o th  th e  e n d o th e liu m  an d  th e  u n d e r ly in g  c e llu la r  lay e rs , i.e . sm o o th  
m u sc le  ce lls  in  a r te r ie s  an d  p e r ic y te s  in  a r te rio le s . S h ea r s tre ss  is th e  d ra g  fo rce  
e x e rte d  o n  e n d o th e lia l ce lls  by  th e  b lo o d  flo w in g  th ro u g h  th e  v e sse l. T h e  lev e l o f  
sh ea r s tress  ex e rted  is  re la ted  to  th e  v e lo c ity  o f  th e  b lo o d , v esse l d iam e te r an d  b lo o d  
v isco s ity  b y  th e  eq u a tio n ;
4 7 7 0
T  — „
jzR 3
W h e re , t  =  sh ea r s tre ss  (d y n e s /c m  ); r | =  v isc o s ity  (d y n e  sec /cm  ); Q  =  f lo w  ra te  
(m L /sec ) an d  R  =  v esse l rad iu s  (cm ) (L eh o u x  an d  T edgui 2003).
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Figure 1.4.1: S ch em atic  d iag ra m  d ep ic tin g  sh ea r s tress  (a) a n d  c y c lic  s tra in  (b) 
w ith  re sp ec t to  th e  v asc u la r en d o th e liu m . R ed  a rro w s in d ica te  d irec tio n  o f  flow .
M o reo v er, the  fo rce s  e x e rted  o n  th e  v esse l a re  d ep e n d en t o n  its  p o s itio n  w ith in  the  
v a sc u la r  tree . F o r  ex am p le , m a jo r  a rte ries , su ch  as th e  ao rta  o r p u lm o n ary  a rte ry  are 
e x p o se d  to  h ig h  lev e ls  o f  b o th  cy c lic  s tra in  an d  sh ea r s tress, w h ils t v e in s , in c lu d in g
2 4
the  v e n a  cava, ex p e rien ce  re la tiv e ly  h ig h  lev e ls  o f  sh ea r stress b u t a re  n o t ex p o sed  to  
cy c lic  strain .
C e re b ra l c a p illa r ie s , w h ic h  g iv e  rise  to  th e  B B B , ex p e rien ce  lev e ls  o f  sh ea r s tress  
ra n g in g  fro m  4 to  20  d y n e s /c m 2 (D esa i e t  al. 2 0 0 2 ). A lth o u g h  b lo o d  flo w  w ith in  
ca p illa rie s  is  slow , th e  sm all v esse l d iam e te r (app rox . 7 pirn) re su lts  in  re la tiv e ly  h ig h  
lev e l o f  sh ea r b e in g  e x e rte d  o n  th e  en d o th e liu m . M o reo v er, th ese  ca p illa ry  v esse ls  
a re  n o t e x p o se d  to  p u lsa tile  cy c lic  s tra in . E x te n s iv e  b ra n ch in g  o f  th e  a r te rie s  in to  
a r te rio le s  an d  th en  ca p illa rie s  du lls the  p u lse  p re ssu re  ex e rted  on  th e  v esse l w a ll an d  
h e n c e , c y c lic  s tra in . F u r th e rm o re , p re c a p il la ry  s p h in c te rs , w h ic h  e n c irc le  th e  
ca p illa ry  a t th e  a r te rio le /cap illa ry  b ra n ch  p o in t, can  o p en  and  c lo se , th u s  re g u la t in g ' 
b lo o d  flo w  and  p re ssu re  w ith in  th e  ce reb ra l m ic ro v ascu la tu re .
B lo o d  flo w  w ith in  th e  ca p illa r ie s  o f  th e  B B B  is  in d ep en d e n t o f  p e rfu s io n  p re ssu re  
w h e n  au to re g u la tio n  is  in tac t (W ahl and  S ch illin g  1993). T h a t is, th e  ra te  o f  ce reb ra l 
b lo o d  flo w  is  re g u la te d  v ia  ch a n g es  in  c a p illa ry  re s is tan c e , ra th e r th a n  c h a n g es  in  
o v e ra ll  sy s te m ic  b lo o d  p re s su re . H o w e v e r, c e re b ra l  b lo o d  f lo w  is  n o t so le ly  
re g u la te d  b y  p re c a p il la ry  sp h in c te rs . O n  th e  c o n tra ry , c e re b ra l  c irc u la t io n  is 
d e te rm in e d  by  b o th  e n d o th e lia l-d e r iv e d  fa c to rs  a n d  p a ra c r in e  in te ra c tio n s  w ith  
a s tro c y te s  an d  p e r ic y te s , th u s  lead in g  to  th e  c o n tro lled  d ila tio n  and  co n s tr ic tio n  o f  
th e  m ic ro v esse ls .
N itr ic  o x id e  sy n th ase  (N O S ) cau ses  th e  o x y g en -d ep en d e n t co n v e rs io n  o f  L -argenine 
in to  L -c itru llin e  an d  n itr ic  o x id e  (N O ) (F lem in g  an d  B u sse  1999). T h ere  a re  th ree  
k n o w n  fo rm s  o f  N O S ; n e u ro n a l  N O S  (n N O S ) , in d u c ib le  N O S  ( iN O S ) a n d  
e n d o th e lia l N O S  (e N O S ). B o th  n N O S  an d  eN O S  are  ex p re sse d  in  n e u ro n s  an d  
ce reb ra l b lo o d  v esse ls , re sp ec tiv e ly  (B o lan o s  an d  A lm e id a  1999; B en y o  e t al. 2000). 
N O ' p ro d u c tio n  as a  re s u lt  o f  n N O S  an d  eN O S  ac tiv ity  ca u ses  d ila tio n  o f  c e reb ra l 
v e sse ls  an d  in c re a sed  b lo o d  flow , w h ils t its  in h ib itio n  lead s to  v aso c o n s tr ic tio n  and  
d e c re a se s  c e re b ra l b lo o d  flo w  (F a rac i 1991; P rad o  e t  al. 1992; Y ou e t al. 1999). 
M o reo v er, sev e ra l su b s ta n c e s  in c lu d in g  b ra d y k in in , A T P /A D P  an d  a c e ty lc h o lin e
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in d u ce  d ila tio n  o f  c e reb ra l b lo o d  v esse ls  b y  a c tiv a tin g  G -p ro te in  co u p led  recep to rs  
o n  e n d o th e lia l c e lls , th u s  le ad in g  to  th e  p ro d u c tio n  o f  N O , e n d o th e liu m -d e r iv e d  
h y p e rp o la riza tio n  fa c to r (E D H F ) an d /o r p ro s tan o id s  (Y ou e t al. 1997; Y am ada e t al. 
2 0 0 1 ; B a i e t al. 2 0 0 4 ). F u rth erm o re , v a so co n str ic tin g  su b stan ces su ch  as en d o th e lin - 
1 (E T -1 ), p ro s ta g la n d in  F 2a a n d  th ro m b o x a n e  A 2 (T X A 2), d e c re a se  th e  v e s se l 
d ia m e te r  a n d  h e n c e  d e c re a se  c e reb ra l b lo o d  f lo w  (P a te l e t  al. 1996; S m ith  e t  al. 
1996 ; P ie rre  a n d  D a v e n p o r t  1999 ; Z h o u  e t  al. 2 0 0 4 ). U n d e r  c irc u m sta n c e s  o f  
co m p ro m ise  o r lo ss  o f  a u to re g u la tio n  w ith in  ce re b ra l cap illa r ie s , b lo o d  f lo w s  in to  
th e  v e sse ls  a t h ig h  p re s su re  a n d  flu id  p a s se s  o u t o f  th e  c a p illa r ie s  an d  in to  th e  
in te rs titia l space  re su ltin g  in  b ra in  ed e m a  (S tam ato v ic  e t al. 2006).
1.4.1 Shear Stress and the BBB
S h ear s tress  p la y s  a  p iv o ta l ro le  in  d e te rm in in g  en d o th e lia l ce ll fu n c tio n s. In  
p articu la r, sh e a r s tre s s  le a d s  to  p ro fo u n d  c h a n g es  in  e n d o th e lia l ce ll m o rp h o lo g y . 
E a r ly  s tu d ie s  b y  F la h e r ty  e t al. sh o w ed  th a t  in  a  c a n in e  a r te ry  ex c ise d  a n d  th e n  
re in se r te d  p e rp e n d ic u la r  to  th e  o rig in a l d irec tio n  o f  flow , en d o th e lia l ce lls  re a lig n ed  
in  th e  d irec tio n  o f  b lo o d  f lo w  (F lah e rty  e t al. 1972). F u rth e rm o re , sh ea r s tress  h as  
b e e n  sh o w n  to  c a u se  ch a n g e s  in  en d o th e lia l m o rp h o lo g y  (G a lb ra ith  e t  al. 1998; 
N o r ia  e t  al. 1999), g en e  e x p re ss io n  (P a trick  an d  M c ln tire  1995; C h ien  e t al. 1998; 
T raub  an d  B e rk  1998) an d  fu n c tio n  (B a lle rm an n  an d  O tt 1995; N g a i an d  W in n  1995; 
O tt an d  B a lle rm an n  1995). E n d o th e lia l ce lls  in  v ivo  h av e  a  life sp an  o f  2 .5  to  3 y ea rs  
(D e n e k a m p  1 993) a n d  a s  su ch , h a v e  lo w  ra te s  o f  p ro l ife ra t io n  a n d  a p o p to s is . 
M o reo v er, e n d o th e l ia l  c e lls  e x p o s e d  to  sh e a r  s tre s s  d o  n o t  p ro life ra te  d u e  to  
in h ib itio n  o f  c e ll  c y c le  g en e s  (N a g e l e t al. 1999; A k im o to  e t al. 2 0 0 0 ; L in  e t  al. 
2000).
S tu d ie s  by  S ta n n es  e t  al. h av e  in d ic a te d  th a t  sh e a r  s tress  is  req u ired  fo r in d u c tio n  
an d  m a in ten an c e  o f  th e  B B B  (S tan n ess  e t al. 1997). Isch em ic  ev en ts  a re  a sso c ia ted  
w ith  a n o x ia , a g ly c e m ia  a n d  lo ss  o f  b lo o d  flow . K riz a n a c -B e n g e z  e t al. h av e  
d e m o n s tra te d  th a t  lo ss  o f  sh e a r  s tre ss  a lo n e  c a u se s  ch a n g e s  in  e n d o th e lia l/g lia l
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s ig n a lin g  a n d  su g g e s t  th a t  th e  in c re a s e  in  BBB p e rm e a b il ity  a s s o c ia te d  w ith  
isc h e m ia  m ay  b e  th e  re s u lt  o f  a  c o m b in a tio n  o f  fa c to rs  in c lu d in g  an o x ia , lo ss  o f  
sh e a r s tre ss  an d  a g ly c e m ia  (K riz a n a c -B e n g e z  e t  al. 20 0 3 ). M o reo v er, sh ea r s tress  
h as  b ee n  sh o w n  to  m o d u la te  b o th  o cc lu d in  ex p ress io n  an d  p h o sp h o ry la tio n  (D eM aio  
e t al. 2 0 0 1 ; C o n k lin  e t  al. 2 0 0 2 ; P an g  e t  al. 2 0 0 5 ). H o w ev er, th ese  s tu d ies  w e re  
ca rr ie d  o u t o n  m a c ro v a sc u la r  ce lls  an d  d o  n o t ad d re ss  th e  sp ec ific  fu n c tio n s  o f  th e  
b ra in  m icro  v ascu la tu re .
M o reo v er, p a th o lo g ie s  ex h ib itin g  re d u c e d  b a rr ie r  fu n c tio n  w ith  a sso c ia te d  leak ag e  
f re q u e n tly  m a n ife s t  e le v a te d  o r re d u c e d  h e m o d y n a m ic  lo ad in g  an d /o r  a s so c ia te d  
m e c h a n o t r a n s d u c t io n ,  e i th e r  o f  w h ic h  m a y  c o n t r ib u te  to  e n d o th e l i a l  
d y s fu n c tio n /in ju ry  ( le a d in g  to  in fla m m a tio n  a n d  v e sse l w a ll re m o d e lin g ) o r s tem  
fro m  ch an g es  in  b lo o d  p re ssu re  an d  h ea rt ra te . W ith in  th e  co n tex t o f  v a sc u la r h e a lth  
a n d  p a th o lo g y  th e re fo re , fo rc e -m e d ia te d  re g u la tio n  o f  t ig h t ju n c tio n  assem b ly  and  
fu n c tio n  is ex trem e ly  re lev an t, a lb e it very  p o o rly  u n d ers to o d .
1.4.2 Mechanotransduction
M e c h a n o tra n sd u c tio n  is  th e  p ro c ess  b y  w h ic h  ce lls  d e tec t p h y s ica l s tim u li, 
su ch  as cy c lic  s tra in  a n d  sh e a r s tre ss , a n d  tra n s la te  th em  in to  s ig n a lin g  ca scad es , 
w h ic h  in  tu rn  m ed ia te s  a  c e llu la r  re sp o n se . M ec h an o tran sd u c tio n  o f  sh ea r s tress  is a 
m u lti-fa c e te d  s ig n a lin g  ev e n t, w ith  m ech an ica l sen sin g  o f  sh ea r s tress  o cc u rrin g  o n  
b o th  th e  a b lu m in a l a n d  lu m in a l e n d o th e lia l  su rfa c e s  (S h y y  a n d  C h ie n  2 0 0 2 ). 
H o w ev er, th e  lo c a tio n  o f  th e  m e c h a n o se n so r  re sp o n s ib le  fo r  tra n s la tin g  c e llu la r  
m e c h a n ic a l d is to r t io n  in to  b io lo g ic a l s ig n a ls  is  so m e w h a t c o n tro v e rs ia l (D a v ie s  
1995). M ec h a n o tra n sd u c tio n  o f  sh ea r s tress  in v o lv es  m an y  re cep to rs  in c lu d in g  ion  
ch an n e ls , G -p ro te in s , in te g rin s  a n d  th e  en d o th e lia l g ly co ca ly x , am o n g  o th ers , som e 
o f  w h ich  are  d iscu ssed  below .
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Figure 1.4.2.1: S ch em atic  re p resen ta tio n  o f  recep to rs  in v o lv ed  in  in itia tin g  s ignaling  
c a s c a d e s  in  e n d o th e lia l  c e lls  s t im u la te d  b y  h a e m o d y n a m ic  fo rce s . (O rig in a lly  
p u b l is h e d  in  J  In te rn  M e d  (L eh o u x  e t al. 2006))
1.4.2.1 Mechanosensitive Ion Channels
M e c h a n o s e n s i t iv e  io n  c h a n n e ls  a re  o n e  s u c h  p o te n tia l  m e c h a n o se n so r . 
L o c a te d  a t  th e  p la s m a  m e m b ra n e , io n  c h a n n e ls  a re  id e a lly  s itu a te d  to  c o n v e r t  
m e c h a n ic a l  fo rc e s  fro m  sh e a r  s tre s s  in to  e le c tr ic a l  o r  io n -d e p e n d e n t c e llu la r  
re sp o n se s  (G ille sp ie  a n d  W alk e r 2 0 0 1 ). S tu d ie s  b y  O le se n  e t al. h av e  sh o w n  th a t  
e n d o th e l ia l  c e l ls  e x p o s e d  to  s h e a r  s tre s s  o f  ~ 2 0  d y n e s /c m  r e s u l te d  in  
h y p e rp o la riza tio n  o f  th e  ce lls  as a  re su lt o f  a n  in w ard -rec tify in g  K + cu rren t (O le sen  
e t  al. 1988). F u rth e r s tu d ies  h av e  a lso  sh o w n  th a t p la sm a  m em b ran e  p e rm eab ility  to  
K + in c re a se s  in  re sp o n se  to  sh e a r s tre ss  (A le v ria d o u  e t al. 1993; H u tc h e so n  an d
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G riffith  1994). In  ad d itio n , th e  n o n se lec tiv e  ca tio n  ch an n e l h a s  a lso  b ee n  im p lica ted  
in  m ech a n o tra n sd u c tio n , w h ic h  w o u ld  a c c o u n t fo r  th e  in f lu x  o f  C a2+ o b se rv e d  in  
en d o th e lia l ce lls  u n d e r sh ea r co n d itio n s  (S ch w arz  e t al. 1992b; S ch w arz  e t  al. 1992a; 
M ac R o b b ie  1998). H o w ev er, it is n o t y e t c lea r w h e th e r th e  io n  ch an n e ls  a re  m ere ly  
m e c h a n o se n s it iv e  o r th e  ac tu a l c e llu la r  m e c h a n o sen so r. In  th e  fo rm e r ca se , a  
m e c h a n o se n so r  lo ca te d  e lsew h ere  in  th e  ce ll w o u ld  d e tec t sh ea r s tress  an d  in d u ce  a  
s ig n a lin g  ca scad e  re su ltin g  in  th e  a c tiv a tio n  o f  th e  io n  ch an n e l. In  th e  la tte r  case , it 
is  p lau s ib le  th a t io n  ch a n n e ls  a re  m ech an o sen so rs  an d  th a t  th ey  are  d irec tly  ac tiv a ted  
b y  sh ea r stress.
1.4.2.2 The Role of G-Proteins in Mechanotransduction
G -p ro te in s  h av e  a lso  b e e n  im p lica ted  in  m o d u la tin g  m ech a n o tran sd u c tio n  in  
e n d o th e lia l ce lls  in  re sp o n se  to  sh ea r s tre ss  (B e r th ia u m e  a n d  F ra n g o s  1992). G - 
p ro te in  c o u p le d  re c e p to rs  (G P C R ) a re  in te g ra l m e m b ra n e  p ro te in s  c o n s is tin g  o f  
sev e n  tra n sm e m b ra n e  d o m ain s . T h e  ex tra c e llu la r  lo o p s  a re  re sp o n sib le  fo r  lig an d  
b in d in g , w h ils t  th e  in trac e llu la r  lo o p s an d  cy to p lasm ic  ta il in te ra c t w ith  h e tro trim eric  
G -p ro te in s  c o n s is tin g  o f  a ,  (3 an d  y su b u n its . U p o n  lig a n d  b in d in g , g u a n o s in e  
d ip h o sp h a te  (G D P ) d is so c ia te s  fro m  th e  a - s u b u n i t  an d  is  re p la c e d  b y  g u an o s in e  
tr ip h o sp h a te  (G T P ). B in d in g  o f  G T P  re su lts  in  re le a se  o f  th e  (3y an d  a  co m p o n en ts , 
w h ic h  in  tu rn  b in d  to  an d  ac tiv a te  e ffec to r m o lecu les  (W ie lan d  an d  M ittm an n  2003). 
F o llo w in g  h y d ro ly ses  o f  G T P  b y  th e  a  su bun it, th e  h e tro tr im er reasso c ia tes .
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Figure 1.4.2.2.1: S c h e m a tic  d ia g ra m  d e p ic t in g  G -p ro te in  a c tiv a tio n  a n d
h y d ro ly ses .
G -p ro te in s  h a v e  b e e n  sh o w n  to  m e d ia te  s e v e ra l  s ig n a lin g  p a th w a y s  in  
re sp o n se  to  sh ea r s tress. S tu d ie s  by  G u d i e t al. h av e  sh o w n  th a t sh ea r stress  ran g in g  
fro m  0 - 3 0  d y n e s /c m 2 in c re a se d  G -p ro te in  a c tiv ity  in  a  d o se -d e p e n d e n t m a n n e r  
(G u d i e t  al. 19 9 8 ). A d d itio n a l s tu d ie s  b y  G u d i e t al. h a v e  sh o w n  th a t  ra p id  
ac tiv a tio n  o f  R as o cc u rs  fo llo w in g  ex p o su re  o f  en d o th e lia l ce lls  to  sh ea r s tress , an d  
th a t  th is  a c tiv a tio n  is  m e d ia te d  b y  h e tro tr im e r ic  G -p ro te in  su b u n its  (G u d i e t  al. 
2 0 0 3 ). F u rth e rm o re , G  p ro te in s  m o d u la te  b o th  th e  ac tiv a tio n  o f  c - ju n  N -te rm in a l 
k in a se  (JN K ) an d  th e  m ito g e n -a c tiv a te d  p ro te in  k in a se  (M A P K ) p a th w ay  (Ish id a  e t  
al. 1996 ; T ak ah ash i a n d  B e rk  1996 ; Jo  e t  al. 1997) in  re sp o n se  to  sh e a r  s tress . 
H o w ev er, a l th o u g h  it is  c le a r  th a t  G -p ro te in s  a re  in v o lv e d  in  th e  ea rly  re sp o n se s  to 
m e c h a n ic a l  s tim u li, to  d a te  n o  e n d o th e lia l  m e c h a n o s e n s i t iv e  G P C R  h a s  b e e n
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id en tif ie d . T h u s, a lth o u g h  G  p ro te in s  a re  in v o lv ed  in  m ech a n o tra n sd u c tio n , th e ir  
ro le  as a  m ech an o sen so rs  is y e t  to  b e  d e term in ed .
1.4.2.3 The Role of Integrins in Mechanotransduction
In te g r in s  a re  m e m b ra n e -a s s o c ia te d  g ly c o p ro te in s  c o m p o s e d  o f  n o n -  
co v a le n tly  lin k e d  a  an d  (3 su b u n its . T h e re  a re  18 a -  an d  8 (3- su b u n its , w h ic h  can  
fo rm  24  u n iq u e  h e te ro d im e ric  co m p lex es , 7 o f  w h ic h  a re  e x p re ssed  o n  en d o th e lia l 
ce lls  (R u p p  an d  L ittle  2 0 0 1 ). E ac h  o f  th e  su b u n its  h a s  a  la rg e  ex tra ce llu la r  do m ain , 
w h ic h  b in d s  d ire c tly  to  e x tra c e llu la r  m a tr ix  (E C M ) p ro te in s  su c h  as f ib ro n e c tin , 
lam in in , co llag e n  an d  v itro n ec tin . T h e  su b u n its ’ cy to p lasm ic  d o m ain s  in te ra c t w ith  
cy to sk e le ta l p ro te in s  an d  s ig n a lin g  m o le c u le s  w h e re  th e y  re g u la te  in te g rin  a ffin ity  
a n d  av id ity  (S h y y  an d  C h ien  20 0 2 ). In teg rin  a ffin ity  is m o d u la ted  v ia  ch an g es in  th e  
h e te ro d im e r  c o n fo rm a tio n  th a t  le a d s  to  in c re a se d  lig a n d  b in d in g , w h ils t  in te g rin  
av id ity  m o d u la tio n  in v o lv es  c lu s te rin g  o f  in teg rin s  a t fo ca l ad h e s io n  sites  (G ian co tti 
a n d  R u o s la h ti 1999 ; S c h o e n w a e ld e r  an d  B u rr id g e  1999). F in d in g s  th a t  sev e ra l 
s ig n a lin g  p a th w a y s  a c tiv a te d  b y  in teg rin s  a re  a lso  ac tiv a te d  b y  sh ea r s tress  su g g ests  
th a t  in te g rin s  m ay  b e  in v o lv e d  in  m e c h a n o tra n sd u c tio n  in  en d o th e lia l c e lls  (S h y y  
a n d  C h ie n  1997). R e c e n t s tu d ie s  in d ic a te  th a t  in te g r in  a ff in ity  an d  av id ity  a re  
m o d u la te d  b y  sh e a r s tre ss  (Ja la li  e t  al. 2 0 0 1 ; T z im a  e t  al. 2 0 0 1 ). F u rth e rm o re , 
in c u b a tio n  o f  e n d o th e lia l  c e lls  w i th  in te g r in  b lo c k in g  a n tib o d ie s  p r io r  to  sh e a r  
p re v e n te d  sh ea r-d ep e n d en t a c tiv a tio n  o f  E R K , JN K  an d  Ik B  k in a se  (L i e t al. 1997; 
B h u lla r  e t  al. 1998). M o re o v er, in h ib itio n  o f  in teg rin s  u s in g  A rg -G ly -A sp  (R G D ) 
p e p tid e s  p re v en ted  sh ea r s tre ss -in d u c ed  sec re tio n  o f  b F G F  b y  en d o th e lia l ce lls  (G loe  
e t  al. 2 0 0 2 )  an d  a b o lis h e d  th e  a n ti-a p o p to tic  e ffec t o f  sh e a r  s tre ss  (U rb ic h  e t al.
2 0 0 0 ). A lth o u g h  sh e a r  s tre s s  le a d s  to  co n fo rm a tio n a l a c tiv a tio n  o f  in te g rin s  an d  
in c re a se d  b in d in g  to  th e  E C M  (Ja la li  e t al. 2 0 0 1 ), it is  n o t k n o w n  i f  in teg rin s  a re  
m ech a n o sen so rs  o r ju s t  m ech an o sen s itiv e  com plexes.
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1 .4 .2 .4  T h e  R o le  o f  th e  E n d o th e lia l  G ly c o c a ly x  in  M e c h a n o tr a n s d u c t io n
O n e  re c e n t p u b lic a t io n  h ig h lig h ts  th e  p o s s ib le  ro le  o f  th e  e n d o th e lia l  
g ly c o c a ly x  (E G ) as a  m e c h a n o se n so r  (T h i e t al. 2 0 0 4 ). T h e  E G  is co m p rise d  o f  
h e p a ra n  su lfa te , ch o n d ro tin  an d  h y a lu ro n a n  p ro te in  s tran d s  an d  is  ex p ressed  on  th e  
a p ic a l su rfa ce  o f  e n d o th e lia l c e lls  (Ih rc k e  e t  al. 1993; H e n ry  a n d  D u lin g  1999; 
F lo r ia n  e t al. 2003). S tu d ie s  b y  F lo r ia n  e t  al. d e m o n s tra te d  th a t p a rtia l rem o v a l o f  
h e p a ra n  s u lp h a te  p ro te o g ly c a n  fro m  th e  E G  p re v e n te d  s h e a r- in d u c e d  N O  in  
e n d o th e lia l  ce lls  (F lo ria n  e t al. 2 0 0 3 ). T h e  E G  is  a n c h o re d  to  a  g e o d e s ic - lik e  
sca ffo ld  o f  h ex a g o n a lly  a rra n g e d  f ilam en to u s  a c tin  (F -ac tin ), w h ic h  fo rm s th e  ac tin  
co r tic a l w e b  (A C W ) ju s t  b e lo w  th e  ce ll m em b ran e  (S q u ire  e t al. 2 0 0 1 ). T h i e t a l  
p ro p o se  a  m o d e l in  w h ic h  p ro te in s  o f  th e  E G  fo rm  s t if f  b ris tle s , w h ic h  tran sm it th e  
flu id  d rag  o n  th e ir  tip s , cau sed  by  sh ea r s tress, to  a b en d in g  m o tio n  th a t ac ts  on  the  
A C W  (T h i e t  al. 2 0 0 4 ). M o re o v e r, d is ru p tio n  o f  th e  E G  p re v e n te d  sh e a r  s tress  
in d u c e d  F -ac tin  re a lig n m en t, th u s  it  is  p lau s ib le  th a t th e  E G  ac ts  as a  m ech an o sen so r 
in  en d o th e lia l ce lls  ex p o sed  to  sh ea r stress.
1.5 Summary
T h e  B B B  c o n s titu te s  a  p h y s ic a l an d  m e ta b o lic  b a rrie r , p re v e n tin g  b lo o d - 
b o rn e  so lu tes  fro m  en te r in g  in to  th e  b ra in  ISF. D is ru p tio n  o f  the  B B B  is a sso c ia ted  
w ith  m u ltip le  d ise a se  s ta te s , w h ils t  th e  tig h tn e s s  o f  th e  b a r r ie r  p ro v e s  a  m a jo r  
o b s tac le  fo r  d ru g  d ev e lo p m e n t an d  delivery . R eg u la tio n  o f  o cc lu d in  an d  Z O -1 , tw o  
p iv o ta l  t ig h t ju n c tio n  p ro te in s  a re  e sse n tia l fo r  th e  fo rm a tio n  an d  fu n c tio n  o f  th e  
B B B . B ra in  m ic ro v a sc u la r  e n d o th e lia l ce lls  fo rm in g  th e  B B B  are  e n c irc le d  a t th e  
b a s o la te ra l  m e m b ra n e  b y  a s tro c y te  e n d  fe e t  in  s e ru m -fre e  c o n d itio n s  a n d  are  
e x p o se d  to  sh ea r s tress , c a u se d  by  th e  f lo w  o f  b lo o d  th ro u g h  c a p illa r ie s , o n  th e ir  
a p ic a l su rface . T he p u rp o se  o f  th is  s tu d y  is to  ex a m in e  h o w  b aso la te ra l an d  ap ica l 
c o n d it io n s  (se ru m , a s tro c y te s  a n d  sh e a r  s tre ss )  c o l le c tiv e ly  im p a c t u p o n  t ig h t  
ju n c tio n  a ssem b ly  an d  fu n c tio n  w ith in  th e  b ra in  m ic rio v asc u la tu re . E lu c id a tio n  o f  
h o w  th e  B B B  is re g u la te d  b y  p h y s io lo g ic a l an d  p a th o lo g ic a l s tim u li w ill g rea tly
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e n h a n c e  o u r u n d e rs ta n d in g  o f  B B B  a sse m b ly  an d  m ay  p ro v id e  n o v e l th e ra p e u tic  
s tra te g ie s  to  m o d u la te  b a r r ie r  in teg rity , th u s  h a v in g  p ro fo u n d  c lin ic a l  im p a c t o n  
sev e ra l n eu ro lo g ica l d isease s  an d  fa c ilita te  d ru g  d e liv e ry  to  th e  b ra in .
1.6 Thesis Overview
T h e  re se a rc h  d a ta  p re se n te d  in  th e  fo llo w in g  ch a p te rs  ex a m in e s  th e  ro le  o f  
p h y s io lo g ic a lly  re le v a n t fa c to rs  o n  t ig h t ju n c tio n  fo rm a tio n  an d  b a r r ie r  fu n c tio n  in  
B B M v E C s. E m p h as is  is p la c e d  o n  th e  ex p ress io n , lo c a liz a tio n  an d  a sso c ia tio n  o f  
th e  tra n sm em b ran e  tig h t ju n c tio n  p ro te in , o cc lu d in  an d  th e  p e r ip h e ra l t ig h t ju n c tio n  
p la q u e  p ro te in , Z O -1 . P e rm ea b ility  a n d  e lec trica l re s is tan ce  s tu d ies  a re  em p lo y ed  to  
e x tr a p o la te  i f  th e re  is  a  c o r re la t io n  b e tw e e n  o c c lu d in /Z O -1  r e g u la t io n  a n d  
en d o th e lia l b a rrie r  fun c tio n . T h ese  fin d in g s  a re  p re sen ted  in  th e  fo llo w in g  m anner:
C h a p ter  3  O p tim isa tio n  o f  ce ll cu ltu re  m e d ia  an d  ch a rac te riza tio n  o f  th e  m o d el.
C h a p ter  4  E x am in a tio n  o f  th e  p o la r-sp ec ific  e ffec t o f  se ru m  o n  en d o th e lia l tig h t
ju n tio n  fo rm a tio n  an d  b a rr ie r  function .
C h a p te r  5  In v e s tig a t io n  o f  th e  ro le  o f  C 6  g lio m a  in  re g u la t in g  B B M v E C
o c c lu d in  a n d  Z O -1  a n d  th e  e f fe c t o f  c o -c u ltu re  o n  B B M v E C  
p erm eab ility .
C h a p te r  6  A sse s sm e n t o f  th e  ro le  o f  la m in a r  sh e a r s tre s s  o n  B B M v E C  t ig h t
ju n c to n  fo rm a tio n  an d  b a rrie r  function .
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C h a p t e r  2
M a t e r i a l s  a n d  M e t h o d s
3 4
2 .0  M a te r ia l  &  M e th o d s :
A ll re a g e n ts  u se d  in  th is  s tu d y  w e re  o f  th e  h ig h e s t  p u r ity  co m m e rc ia lly  
av a ilab le  an d  w ere  o f  ce ll cu ltu re  s tan d a rd  w h e n  app licab le .
2.1 Materials:
A c ro s  O re an ic s  (N ew  Jersey . U S A )
F o rm ald eh y d e  (37% )
A G B  S cien tific  (D u b lin . Ire lan d )
W h a tm a n n  C h ro m ato g rap h y  p ap e r
A m ersh am  P h arm ac ia  B io te ch  (B u ck in g h am sh ire . U K )
A n ti-m o u se  2° an tibody , H R P -co n ju g a ted  
A n ti-ra b b it 2 °an tibody , H R P -co n ju g a ted  
E C L  H y b o n d  n itro ce llu lo se  m em b ran e  
E C L  H y p e rfilm
R a in b o w  m o lecu la r  w e ig h t m ark e r, b ro a d  ran g e  (6 -1 7 5 k D a)
B io  S c ien ces  L td  (D u n  L ao g h a ire . Ire lan d )
D E P C -tre a te d  w a te r 
Trizol®  re ag en t
C ell A p p lica tio n s  (S an  F ran sc isco . U S A )
B o v in e  B ra in  M ic ro v a scu la r E n d o th e lia l C ells
C h em ico n  In te rn a tio n a l (C A . U S A )
b F G F  -  R eco m b in an t H u m a n  F ib ro b la s t G ro w th  F ac to r-B asic  
C o m in g  (B u ck in g h am sh ire . U K )
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T ran sw e ll® -C lea r P o ly e s te r (P E T ) M em b ra n e  in serts
D a k o C v to m a tio n  (G lo stru p . D en m ark )
P o ly c lo n a l R ab b it A n ti-H u m an  V on W illeb ran d  F ac to r 
P o ly c lo n a l R ab b it A n ti-G lia l F ib rilla ry  A c id ic  P ro te in  
F lu o re sce n t M o u n tin g  M ed ia
F ish e r  S c ien tific  (L e ices te rsh ire . U K )
B u ffe r so lu tio n  p H  4  (p h th a la te )
B u ffe r so lu tio n  p H  7 (p h o sp h a te )
B u ffe r so lu tio n  p H  10 (bo rate)
G ib co  (S co tlan d . U K )
F e ta l c a lf  se ru m
U ltraPU R E ™  D is tilled  W ater D N A se-, R N A se-F ree  
M o lecu la r P ro b es (O reg o n . U S A )
A le x a  F lu o r®  488  F (a b ’ )2  frag m en t o f  g o a t an ti-m o u se  Ig G  (H + L ) 
A le x a  F lu o r®  488  F (a b ’ )2  frag m en t o f  g o a t an ti-rab b it Ig G  (H + L )
M W G  B io te c h  (M ilto n  K ey n es. U K )
G A P D H  p rim e r se t 
O c c lu d in  p rim e r set 
Z O -1  p rim e r set
N a le e n e
C ry o g en ic  v ia ls
C ry o  freez in g  co n ta in e r
N a tio n a l D iag n o s tic s  (G eo rg ia . U S A )
E co sc in t-H
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P A L L  C orp oration  (D u n  L aogh aire . Ireland)
B io trace  n itro ce llu lo se  m em b ran e
P ie rce  C h em ica ls  (C h esh ire . U K )
B C A  p ro te in  assay  k it
S u p ers ig n a l W est P ico  ch em ilu m escen t su b s tra te
S a rs ted t (D rin ag h . W exford . Ire land )
1.5 m L  m ic ro  tu b e  w ith  safe ty  cap
10, 2 0 0  an d  1000 ^ L  p ip e tte  tip s
15 an d  50  m L  fa lco n e  tu b es
25 m L  s te rilin  tu b es
5, 10 an d  25 m L  se ro lo g ica l p ip e ttes
6 m L  sc in tilla tio n  v ia ls
6 -w e ll t is su e  cu ltu re  p la tes
T-175 tis su e  cu ltu re  flasks
T-25 tis su e  cu ltu re  flasks
T-75 tis su e  cu ltu re  flasks
S c ien tific  Im ag in g  S y stem s (E as tm an  K o d a k  G roup . R ochester. N Y ) 
K o d a k  ID  im ag e  an a ly sis  so ftw are
S ig m a C h em ica l C o m p an y  (P oo le . D o rse t. E n g lan d )
2 -p ro p an o l
A m m o n iu m  P ersu lfa te  
A g a ro se
B o v in e  S e ru m  A lb u m in  
B rig h tlin e  H aem o cy to m o e te r 
B ro m o p h en o l B lu e  
C h lo ro fo rm
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C y c lo h ex im id e  -  C 7698  
D M E M  -  H ig h  g lu co se  D 5 7 9 6  
G ly c in e
H a n k s  B a lan c ed  S alt S o lu tio n  
H e p arin
H y d ro c h lo ric  A c id
L au ry l S u lfa te  (i.e. S o d iu m  D oecy l S u lp h a te  (S D S )) 
P e n ic illin -S tre p to m y c in  (lOOx)
P h o sp h a ta se  In h ib ito r C o ck ta il
P o n cea u  S S o lu tio n
P ro tease  In h ib ito r  C o ck ta il
P o ta ss iu m  C h lo rid e
P o ta ss iu m  P h o sp h a te
P o ta ss iu m  P h o sp h a te -D ib a s ic  T rihydra te
P o tss iu m  H y d ro x id e
S o d iu m  C h lo rid e
S o d iu m  O rth o v an ad a te
S o d iu m  P h o sp h a te -D ib a s ic  an h y d ro u s
S o d iu m  P h o sp h a te -M o n o b a s ic  an h y d ro u s
T rito n ®  X -1 0 0
T rizm a  B ase
T ry p sin -E D T A  (lO x )
T w een ®  20
Z v m ed  L ab o ra to rie s  (C A . U S A )
M o u se  an ti-O c c lu d in  m o n o c lo n a l an tib o d y  
M o u se  an ti-Z O -1  m o n o c lo n a l an tib o d y
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2.2 C e ll  C u ltu r e  M e th o d s
A ll ce ll cu ltu re  p ro c e d u re s  w ere  c a rr ie d  o u t u n d e r c lean , s te rile  co n d itio n s  
u sin g  a  B io  A ir  20 0 0  M A C  lam in ar flo w  un it. C ells  w ere  m o n ito red  d a ily  u sin g  an d  
O ly m p u s C K 3 0  p h ase  co n tra s t m ic ro sco p e .
2.2.1 Culture of Bovine Brain Microvascular Endothelial Cells (BBMvECs)
C ry o p re se rv e d  p a ssa g e  tw o  d if fe re n tia te d  B B M v E C s w ere  o b ta in e d  fro m  
C e ll A p p lic a tio n s  In c ., C a lifo rn ia , U S A  (C a t N o . B 8 4 0 -0 5 ). B ra in  t is su e  w as  
ac q u ired  fro m  T a lo n e ’s C u sto m , a  C a lifo rn ia  D e p a rtm e n t o f  F o o d  an d  A g ric u ltu re  
ap p ro v ed  a n d  lic en se d  facility , w h ic h  w as  d e riv e d  fro m  an im a ls  w ith  n o  h is to ry  o f  
c l in ic a l  s ig n s  o f  in fe c t io u s  d is e a s e s .  T h e  c e ll  lin e  w a s  te s te d  f re e  fro m  
co n ta m in a tio n  w ith  b ac te ria , m y c o p la sm a  o r fu n g i an d  sh o w ed  no  s ig n s , in c lu d in g  
c y to p a th ic  e f fe c ts , o f  c o n ta m in a tio n  w ith  an y  a d v e n titio u s  m ic ro b ia l ( in c lu d in g  
v ira l)  c o n ta m in a n ts  p r io r  to  sh ip p in g . C e lls  w e re  c h a rac te rized  as en d o th e lia l b y  
p o sitiv e  D il-A c -L D L  u p tak e . U p o n  de livery , ce lls  w e re  m a in ta in ed  in  h ig h  g lu co se  
D M E M  su p p lem en ted  w ith  100 U /m L  p en ic illin , 100 ¡xg/mL strep to m y c in , 10%  v /v  
F C S , 3 [ig /m L  H e p a rin  an d  3 n g /m L  bF G F . C e lls  w e re  cu ltu re d  in  T 25  cm 2, T75 
cm 2 and  T 175  cm 2 fla sk s  an d  6 w e ll p la te s . F o r  co -cu ltu re  an d  se ru m  stu d ies , ce lls  
w e re  g ro w n  on  T ransw ell® -C lear, t is su e  cu ltu re  tre a te d  p o ly e s te r  m e m b ra n e  f ilte r  
in se rts  in  th e  6 w e ll fo rm a t w ith  0 .4  |im  p o re  s ize  an d  24  m m  filte r  d iam eter. A ll 
e x p e r im e n ts  w e re  c a r r ie d  o u t o n  c e lls  b e tw e e n  p a s sa g e  5 - 1 5  a n d  c e lls  w e re  
m a in ta in ed  in  a  h u m id if ie d  a tm o sp h ere  o f  5%  v /v  C O 2 a t 37°C .
2.2.2 Culture of C6 Glioma Astroglial Cells
P ro life ra tin g  C 6  g lio m a  c e lls  w e re  a  k in d  g ift fro m  P ro f. C ia ra n  R eg an , 
U n iv e rs ity  C o lle g e  D u b lin . T h e  C 6  g lio m a  c e ll  lin e  is  a  ra t  b ra in  g lia l ce ll, 
o rig in a lly  c lo n ed  by  B e n d a  e t al. (B en d a  e t  al. 1968) fro m  a  ra t g lia l tu m o r in d u ced  
b y  N - n i t r o s o m e th y lu r e a .  C e l ls  w e re  m a in ta in e d  in  h ig h  g lu c o s e  D M E M
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su p p lem en ted  w ith  100 U /m L  p en ic illin  an d  100 [ig /m L  strep to m y cin , 10%  v /v  F C S , 
3 [xg/mL H e p a rin  a n d  3 n g /m L  bFG F. C e lls  w e re  cu ltu red  in  T75 cm 2 an d  T 175  cm 2 
fla sk s . F o r  co -c u ltu re  stu d ies , C 6  g lio m a  ce lls  w e re  g ro w n  6 w e ll p la te s  fo r 24  h  
p r io r  to  a d d it io n  o f  th e  T ransw ell® -C lear in se r ts  o n  w h ic h  th e  B B M v E C s  w e re  
g ro w n . C e lls  b e tw e e n  p a ssa g e  30  -  37  w e re  u se d  fo r  a ll e x p e rim e n ts  an d  w e re  
m a in ta in ed  in  a n  h u m id if ie d  a tm o sp h ere  o f  5%  v /v  C O 2 a t 37°C.
2.2.3 Preparation of C6 Glioma Astrocyte-Conditioned Media
To p re p a re  C 6  g lio m a  a s tro c y te -c o n d itio n e d  m e d ia  (C 6  A C M ), C 6  g lio m a
t 2
c e lls  in  a  T 7 5 cm  fla sk  a t 80%  co n flu en ce  w e re  w a sh e d  tw ice  in  H B S S  a f te r  w h ich  
15 m L  o f  se ru m -co n ta in in g  o r se ru m -free  m e d ia  w as  ad d ed  to  th e  flask . A fte r  24  h, 
th e  co n d itio n e d  m e d ia  w a s  re m o v e d  an d  ce n tr ifu g e d  a t 1 ,000 g  fo r 5 m in  a t 4°C  to  
re m o v e  an y  ce ll deb ris . P rio r to  u sag e , th e  co n d itio n ed  m e d ia  w as  m ix ed  5 0 :5 0  w ith  
f re sh  m e d ia  to  re c o n s titu te  any  n u trien ts , w h ic h  m ay  h av e  b e e n  d ep le ted  b y  th e  C 6 
g lio m a . A t th is  p o in t, th e  C 6 A C M  w a s  e ith e r u se d  o r  s to red  a t -80°C  fo r  u p  to  1 
m o n th .
2.2.4 Trypsinization of BBMvECs and C6 Glioma
A s b o th  B B M v E C s an d  C 6  g lio m a s  are  a d h e re n t ce ll lin es , try p s in iz a tio n  
w a s  re q u ired  fo r  th e ir  su b -cu ltu re . B riefly , g ro w th  m e d ia  w as re m o v e d  b y  asp ira tio n  
a n d  th e  c e lls  w a s h e d  in  H a n k ’s b a la n c e d  s a lt  s o lu tio n  (H B S S ) to  re m o v e  a -  
m a c ro g lo b u lin , a  t ry p s in  in h ib ito r  p re s e n t  in  F C S . A n  a p p ro p r ia te  v o lu m e  o f  
t ry p s in /e th y le n e d ia m e n e  te tra c e t ic  a c id  (1 0 %  v /v  T rp /E D T A  in  H B S S )  w a s  
su b seq u e n tly  ad d e d  to  th e  ce lls  an d  in c u b a te d  fo r  1 -  2 m in  a t 37°C , u n til th e  ce lls  
w e re  ro u n d e d , b u t n o t fu lly  d e tach ed , an d  th e n  ta p p e d  b rie f ly  to  d e ta c h  th e m  fro m  
th e  g ro w th  su rface . G ro w th  m e d ia  c o n ta in in g  F C S  w as  ad d e d  to  p re v e n t fu r th e r 
try p s in iz a tio n  an d  ce lls  re m o v e d  fro m  su sp en s io n  by  ce n tr ifu g a tio n  a t 1 ,000  g  fo r  5 
m in  a t 4°C . C e lls  w e re  re su sp e n d e d  in  g ro w th  m e d ia  o r freeze  m e d ia  a n d  either,
4 0
co u n ted  u s in g  a  b r ig h t lin e  h a e m o c y to m e te r fo r  ex p e rim en ts , sp lit a t a  1:5 ra tio  or 
c ry o p reserv ed .
2.2.5 Cryogenic Preservation and Recovery of Cells
F o r  lo n g -te rm  s to rag e  o f  ce lls , B B M v E C s and  C 6  g lio m a  w ere  s to red  in  a  
c ry o f re e z e r  u n i t  (T h e rm o y le n  lo c a to r  jr . c ry o s to r a g e  s y s te m ). F o llo w in g  
try p s in iz a tio n , c e lls  w e re  ce n tr ifu g e d  a t 1 ,000  g fo r  5 m in  at 4°C  an d  su p e rn a tan t 
w as  re m o v e d . T h e  re su lta n t p e lle t w as  re su sp e n d e d  in  an  a p p ro p ria te  v o lu m e  o f  
f reez in g  m ed ia  (h ig h  g lu co se  D M E M  su p p lem en ted  w ith  2 0 %  v /v  F C S , 10%  D M S O  
(D im eth y l su lfo x id e), 1%  P /S , 3 fig /m L  H e p a rin  an d  3 ng /m L  b F G F ) an d  tran sfe rred  
in  1 m L  a liq u o ts  to  N a lg e n e  cry o g en ic  v ia ls  an d  fro zen  in  a  -80°C  freeze r a t a  ra te  o f  
- l° C /m in  in  a N a lg e n e  c ry o  fre e z in g  co n ta in e r. C ry o v ia ls  w e re  s to re d  in  th e  
c ry o freeze  u n it u n til req u ired .
F o r re co v ery  o f  ce lls , c ry o v ia ls  w ere  h ea te d  rap id ly  in  a  37°C  w a te r b a th  an d  ad d ed  
to  a  T  7 5 cm 2 f la sk  co n ta in in g  15 m L  o f  g ro w th  m ed ia  to  d ilu te  th e  D M S O . A fte r  24 
h , th e  m e d ia  w as  rem o v e d , the  ce lls  w ere  w a sh e d  in  H B S S  an d  fre sh  g ro w th  m e d ia  
w as  added .
2.2.6 Cell Counts
F o llo w in g  try p s in iz a tio n , c e ll  c o u n ts  w e re  p e r fo rm e d  u s in g  a  b r ig h tlin e  
h a e m o c y to m e te r in  co n ju n c tio n  w ith  T ry p an  b lu e  sta in in g  to  assess  cell v iab ility . 20  
H-L o f  try p a n  b lu e  w as  ad d e d  to  100 ¡xL o f  ce ll su sp en s io n  an d  in cu b a te d  a t ro o m  
tem p era tu re  fo r 2 m in . 2 0  [xL o f  th is  su sp en sio n  w as  ad d ed  to  th e  co u n tin g  ch am b er 
o f  th e  h a e m o c y to m e te r an d  v isu a lized  u n d e r p h ase  co n tra s t m icroscopy . D e ad  ce lls  
s ta in e d  b lu e , w h ils t  v ia b le  ce lls  ex c lu d e d  th e  d y e  an d  a p p e a re d  co lo u rle ss . T h e  
n u m b er o f  v iab le  ce lls  w as  ca lcu la ted  acco rd in g  to  the  equation :
Avg. ce ll no. x  1 .2  (d ilu tio n  fa c to r )  x  l x l  0 4 (area  u n d er co ver  slip ) = Viable ce lls /m L
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2 .2 .7  S e r u m  a n d  C o -c u ltu r e  S tu d ie s
F o r  s e ru m  a n d  c o -c u ltu re  s tu d ie s , B B M v E C s  w e re  s e e d e d  a t 1 x  104 
c e lls /cm 2 o n  T ransw ell® -C lear, t is su e  c u ltu re - tre a te d  p o ly e s te r  m e m b ra n e  f i l te r  
in se r ts  in  th e  6 w e ll fo rm a t w ith  0 .4  [xm p o re  s iz e  a n d  2 4  m m  fil te r  d iam e te r, an d  
a llo w ed  to  co m e  to  co n flu en ce , ty p ica lly  5 - 7  days.
F o r  se ru m  stu d ies , c o n f lu e n t in se rts  w e re  w a sh e d  tw ice  w ith  H B S S  an d  tran sfe rre d  
to  6 -  w e ll p la te s  w ith  se ru m -co n ta in in g  m e d ia  in  th e  ap ica l co m p artm en t an d  e ith e r 
se ru m -co n ta in in g  o r se ru m -free  m ed ia  in  th e  b aso la te ra l co m p artm en t.
F o r  co -cu ltu re  s tu d ies , c o n f lu e n t in se rts  w e re  w a sh e d  tw ic e  an d  tra n s fe rre d  to  6 -  
w e ll p la te s  co n ta in in g  C 6  g lio m a  w h ich , h a d  b ee n  seed ed  2 4  h  e a rlie r  a t a  d en s ity  o f  
1 x  104 c e lls /cm 2, an d  th e  ap p ro p ria te  se ru m -co n ta in in g  o r se ru m -free  m e d ia  in  th e  
b a so la te ra l co m p artm en t.
A p ica l s u r fa c e
C u ltu re  d is h
A p ica l m e d iu m + FCS
B asa l m e d iu m
+/- FCS 
1 +/- C6
B asa l P o ro u s  
la m in a  f i l te r
Monolayer of 
BBMvECs
Fig. 2.2.7.1: Schematic diagram of the Transwell®-Clear culture system:
T ransw ell® -C lear in se r ts  h a v e  m ic ro sco p ic a lly  c lea r m em b ra n es  w ith  0 .4  fxm p o res , 
th u s  fa c ilita tin g  co -cu ltu re  s tu d ies  w ith o u t m ix in g  o f  th e  tw o  ce ll types.
2 .2 .8  N o n -p u ls a t i le  L a m in a r  S h e a r  S tr e ss  S tu d ie s
F o r lam in a r sh ea r s tress  stud ies, B B M v E C s w ere  seed ed  a t 1 x  104 ce lls /cm 2 
in  6 w e ll p la te s  an d  a llo w ed  to  co m e to  co n flu en cy , ty p ica lly  5 - 7  days. F o llo w in g  
th is , m ed ia  w a s  re m o v e d  an d  re p la ced  w ith  4  m L  o f  fre sh  g ro w th  m ed ia . C ells  w ere  
th e n  sh ea red  a t 10 d y n e /c m 2 fo r  2 4  h  o n  an  o rb ita l sh ak e r (S tu a rt S c ien tif ic  M in i 
O rb ita l S h a k e r  O S ) s e t  to  th e  a p p ro p ria te  R P M  as d e te rm in e d  b y  th e  fo llo w in g  
eq u a tio n  (H e n d rick so n  e t al. 1999).
S h ea rS tress  = a ^ j  p n ( 2 n f ) 3
W h ere  a  = rad iu s  o f  ro ta tio n  (cm )
p  =  d en sity  o f  liq u id  (g /L ) 
n  =  7.5 x  1 0 '3 (d y n es/cm 2 a t 37°C ) 
f  =  ro ta tio n  p e r  second
1 5 0  rpm
Figure 2.2.8.1: A p p a ra tu s  u sed  in  n o n -p u lsa tile  lam in a r sh ea r s tress stud ies.
10  dynes/cm2
t = = >
2 .2 .9  P e r fu s e d  T r a n s c a p illa r y  S y s te m
T h e  p e r fu s e d  tra n s c a p illa ry  c u ltu re  a p p a ra tu s  (C e llm a x  Q u a d ™  a r tif ic ia l 
c a p illa ry  c u ltu re  sy s te m ) c o n s is ts  o f  a n  e n c lo se d  b u n d le  o f  50  se m i-p e rm e a b le ,
P ro n ec tin ™  co a ted  p o ly p ro p y len e  cap illa rie s  (cap illa ry  len g th  13 cm ; o u te r  d iam e te r
• 2  2 6 30  [¿m, w a ll th ic k n e ss  150 ¡im , lu m in a l a re a  70 cm  , o u te r  su rface  a rea  100 cm  ,
ex tra -cap illa ry  v o lu m e  1.4 m L , 9 5 %  M W C O  0.5 |im ) th ro u g h  w h ich  m ed iu m  fro m  a
re se rv o ir  is  p u m p e d  a t a  ch o se n  flo w  ra te  v ia  s ilico n e  ru b b e r  tu b in g . A s  th e  g ea r
p u m p  ro ta te s , th e  m o to r  sh a ft fo rce s  th e  p u m p  p in s  to  d ep re ss  th e  p u m p  tu b in g  o n
th e  ca p illa ry  m o d u le , th e re b y  fo rc in g  cu ltu re  m e d ia  to  f lo w  in  a  p u lsa tile  fa sh io n
th ro u g h  th e  g a s -p e rm e a b le  s ilic o n e  f lo w  p a th  tu b in g  a n d  th ro u g h  th e  c a p illa ry
(F ig u re  2 .2 .9 .1 ). B y  a lte r in g  th e  f lo w  ra te  u s in g  an  e lec tro n ic  co n tro l u n it h o u sed
o u ts id e  th e  h u m id if ie d  in cu b a to r , v a ry in g  p u ls a ti le  f lo w  ra te s  an d  h e n c e  p u lse
h e ig h ts  (p ressu re) c a n  b e  ach ie v ed  in  th is  system .
R eservoir
Inlet
Side-port Side-port 
----------►
C a p i l l a r y  b u n d l e
Oxygenator P um p
Figure 2.2.9.1 Schematic of the Perfused Transcapillary system: d em o n s tra tin g  
th e  n o rm a l flo w  p a th  o f  th e  p e rfu s in g  m ed iu m  v ia  in le t an d  o u tle t p o rts  a n d  th ro u g h  
th e  lu m in a l sp aces . B e lo w : w a v e  fo rm s  g e n e ra te d  a t ‘lo w ’ (le ft)  a n d  ‘h ig h ’ f lo w  
(rig h t).
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F lo w  ra te  (m L /m in ) w a s  co n v e rte d  to  sh ea r s tre ss  (d y n e s /c m 2) ac c o rd in g  to  th e  
fo llo w in g  equation :
_
T jzR 3
W here: r) =  F lu id  v isco sity  (0 .008  d yne  sec /cm 2, m ed ia  +  10%  F C S )
Q  =  F lu id  flo w  ra te  p e r fib e r (m L /sec)
R  =  In te rn a l fib e r rad iu s  (cm )
To m a in ta in  p H , pCC>2 , an d  pC>2 o f  th e  cu ltu re  m ed ia  a t co n s tan t lev e ls , th e  p e rfu sed  
tra n sc a p illa ry  cu ltu re  sy s tem  w as  h o u se d  in  a  h u m id if ie d  a tm o sp h e re  in  a  s tan d ard  
C O 2 in cu b a to r, th e re b y  a llo w in g  g ase o u s  e x c h an g e  to  o c c u r  th ro u g h  th e  s ilic o n e  
ru b b e r tu b in g . P rio r  to  th e  ad d itio n  o f  ce lls, th e  m o d u le  is eq u ilib ra ted  fo r 3 d ay s by  
c irc u la tio n  o f  cu ltu re  m e d ia  th ro u g h  th e  cap illa rie s  an d  tub ing .
F o r  p e r fu s e d  c a p illa ry  s tu d ie s , B B M v E C s  fro m  c u ltu re  f la sk s  o f  e q u iv a le n t o r  
g re a te r  su rfa ce  a rea  w e re  try p s in iz e d  acco rd in g  to  th e  m e th o d s  o u tlin e d  in  sec tio n  
2 .2 .4 , s u s p e n d e d  in  10 m L  o f  g ro w th  m e d iu m  a n d  in je c te d  in to  th e  lu m in a l 
co m p artm e n t u s in g  a  d o u b le  sy rin g e  m eth o d . B rie fly  B B M v E C s are in tro d u ced  w ith  
a  sy rin g e  in to  one  lu m in a l p o rt an d  tritu ra ted  g en tly  th ro u g h  th e  lu m en  th ree  tim e s  to  
e n su re  ev e n  d is tr ib u tio n  o f  th e  ce lls . D isp lace d  m e d ia  is  d raw n  o f f  u s in g  a  sy rin g e  
th ro u g h  o n e  o f  th e  ex tra cap illa ry  sp ace  (E C S ) p o rts . C ells  a re  a llo w ed  to  ad h e re  fo r 
3 h o u rs , a f te r  w h ic h  th e  p u m p  is  se t to  lo w  flo w  (0 .3  m L /m in ; p u lse  p re ssu re  o f  
6 m m H g ; sh ea r s tre ss  o f  0 .2  d y n e s /c m 2) an d  re tu rn e d  to  th e  in cu b a to r fo r 10 days. 
T h e  n u m b e r o f  ce lls  th a t  d id  n o t ad h e re  w ere  ro u tin e ly  co u n ted  to  m easu re  seed in g  
d en s ity  an d  ad h e ren c e  a f te r  th e  p u m p  h as  b e e n  tu rn e d  b a c k  o n  to  en su re  m ax im a l 
co v e rag e  o f  ea ch  cap illa ry . T h e  h a rv e s te d  ce lls  w e re  th e n  ro u tin e ly  co u n ted  a t the  
e n d  o f  e a ch  ex p e rim en t to  co n firm  u n ifo rm  seed in g  d en sity  and  ad h eren ce . To o b ta in  
‘h ig h  f lo w ’ th e  f lo w  ra te  is in c re ased  stead ily  o v e r ap p ro x im a te ly  5 h o u rs  u n til the  
d e s ire d  h ig h  f lo w  ra te  o f  19 m L /m in  (1 4  d y n e s /c m 2) is  re a c h e d  (t =  0). A fte r  
c o m p le tio n  o f  th e  ex p e rim e n ta l tim e -c o u rse , ce lls  a re  h a rv e s te d  b y  f irs t  w ash in g
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b o th  th e  lu m in a l a n d  e x tra c a p illa ry  sp a c e  w ith  H a n k s  B a la n c e d  S a lt S o lu tio n  
(H B S S ) u s in g  th e  d o u b le  sy rin g e  m e th o d , an d  re m o v in g  th e  re m a in in g  c e lls  b y  
trea tm e n t w ith  trypsin -E D T A .
2.2.10 Inhibitor Studies
In  o rd e r  to  in h ib i t  n e w  p r o te in  s y n th e s is  a t  th e  r ib o s o m a l  le v e l ,  
c y c lo h e x im id e  w as  u sed  a t a  fin a l c o n c en tra tio n  o f  1 [xg/mL. C e lls  w ere  in cu b a ted  
fo r 1 h  in  th e  p re sen ce  o f  c y c lo h e x im id e  p r io r  to  tre a tm e n t (i.e . shear, co -cu ltu re  o r 
se ru m  rem o v a l).
2.2.11 Immunocytochemistry
In  o rd e r to  v isu a lly  m o n ito r  th e  ex p re ss io n  a n d /o r  su b ce llu la r  lo ca liz a tio n  o f  
p ro te in s , c e lls  w e re  p re p a re d  fo r  im m u n o c y to c h e m ic a l a n a ly s is  as  p re v io u s ly  
d e sc rib ed  (G ro a rk e  e t al. 2 0 0 1 ) w ith  m in o r  m o d ifica tio n s . C ells  w e re  w a sh e d  tw ice  
in  p h o sp h a te  b u ffe red  sa lin e  (P B S ) an d  fix e d  w ith  3 %  fo rm a ld e h y d e  fo r 15 m in . 
C e lls  w e re  su b seq u e n tly  w ash ed , p e rm e ab ilise d  fo r 15 m in  w ith  0 .2 %  T rito n  X -1 0 0  
a n d  b lo c k e d  fo r  30  m in  in  5 %  B S A  so lu tio n . F o llo w in g  b lo c k in g , ce lls  w e re  
in c u b a te d  w ith  th e  a p p ro p r ia te  p r im a ry  a n tis e ru m  o r  s ta in  as in d ic a te d  in  tab le  
2 .2 .1 1 .1 , fo llo w ed  b y  1 h  in cu b a tio n  w ith  1:400 d ilu tio n  o f  e ith e r A le x a  F lu o r  488 
a n ti-m o u se  o r an ti- ra b b it f lu o re sc e n t seco n d ary  an tise ru m . N u c le a r  D A P I s ta in in g  
w as  ro u tin e ly  p e rfo rm ed  b y  in cu b a tin g  ce lls  w ith  0 .5  x  10‘6 jig /m L  D A P I fo r  3 m in . 
C e lls  w e re  s e a le d  w i th  c o v e r s l ip s  u s in g  D A K O  m o u n tin g  m e d ia  (D A K O  
C y to m a tio n ,  C a m b r id g e s h i r e  U K ) a n d  v is u a l iz e d  b y  s ta n d a rd  f lu o re s c e n t  
m ic ro sco p y  (O ly m p u s B X 5 0 ).
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P rim ary  A n tise ru m /S ta in C o n cen tra tio n /D ilu tio n T im e (h)
G FA P 1:1000 3
O cc lu d in 8 (ig /m L 3
R h o d am in e  P h a llo d in 1:200 1
V on-W illeb rand 1:1000 3
ZO -1 0.25 [xg/mL 2
Table 2.2.11.1: T a b u la te d  d a ta  fo r  s p e c if ic  p r im a ry  a n tis e ra  a n d  p ro te in  s ta in  
p aram ete rs .
2.2.12 Transendothelial Electrical Resistance
T ra n se n d o th e lia l e le c tr ic a l re s is ta n c e  (T E E R ) is ro u tin e ly  u sed  to  m o n ito r 
en d o th e lia l p ro life ra tio n  an d  b a rrie r  fu n c tio n  (F ran cis  e t al. 1999; G ran t e t al. 1999; 
L iu  e t al. 1999). A s  a  ce llu la r  m o n o la y e r  fo rm s th e re  is a  sh arp  in c re a se  in  T E E R . 
M o reo v er, w h e n  t ig h t ju n c t io n s  a re  fo rm e d  b e tw e e n  a d ja c e n t e n d o th e lia l ce lls , 
b a rr ie r  fu n c tio n  in c reases  co n co m itan t w ith  an  in crease  in  T E E R .
T E E R  w a s  m e a s u re d  in  B B M v E C  m o n o la y e rs  u s in g  a n  E V O M ™  E p ith e l ia l  
V o lto h m m ete r (W P I, S araso ta ) an d  E N D O H M -2 4  S nap  m e asu rem en t cham ber. T he 
E V O M ™  E p ith e lia l V o lto h m m e te r  p ro d u c e s  an  A C  c u rre n t, w h ic h  a v o id s  th e  
ad v e rse  e ffec ts  o f  D C  cu rren ts , a n d  m easu re s  th e  am o u n t o f  re s is tan c e  p ro v id e d  by 
th e  m o n o lay e r. T h e  a m o u n t o f  re s is ta n c e  d e te c te d  is p ro p o r tio n a l to  e n d o th e lia l 
b a rrie r  func tion .
In  o rd e r  to  m e a su re  T E E R , T ra n s w e ll®  in se rts  w e re  p la c e d  in  th e  E N D O H M -2 4  
S n ap  m easu re m e n t ch a m b e r w ith  1 m L  o f  e lec tro ly te  in  th e  ap ica l co m p artm e n t an d
3.5  m L  in  th e  b aso la te ra l co m p artm en t. T h e  re s is tan ce  o f  ea ch  in se rt w as  a sse ssed  in  
trip lic a te . F o r all T E E R  s tu d ie s , se ru m -free  D M E M , w ith o u t an tib io tic s , w as  u sed  
as th e  e lec tro ly te  so lu tion .
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2 .2 .1 3  P e r m e a b il ity  S tu d ie s
To m easu re  b a r r ie r  fu n c tio n  in  B B M v E C s, tra c e r s tu d ies  u s in g  l4C su cro se  
w e re  em p lo y e d . In  th e  ca se  o f  T ra n s w e ll®  stu d ies , 0.1 ^iCi o f  I4C su c ro se  w as 
ad d e d  to  th e  ap ica l co m p artm e n t an d  d iffu s io n  o f  su cro se  a llo w ed  to  p ro c eed  fo r 60 
-  120 m in u te s  as p re v io u s ly  d e sc rib e d  (B e rezo w sk i e t al. 2 0 0 4 ). M e d ia  sam p le s  
(1 0 0  [iL ) w e re  co lle c te d  ev ery  15 m in  fro m  th e  b a so la te ra l co m p a rtm e n t. %  T rans 
E n d o th e lia l E x ch a n g e  (% T E E ) o f  l4C  su c ro se  is e x p re ssed  a s  th e  to ta l su b lu m in a l 
c o n c e n tra tin  o f  14C su c ro se  a t a  g iv en  t im e  p o in t (fro m  0 -1 2 0  m in ) ex p re ssed  as a  
p e rcen tag e  o f  to ta l ab lu m in a l co n c en tra tin  o f  14C su cro se  a t t= 0  m in.
F o llo w in g  la m in a r sh ea r s tre ss  s tu d ie s  in  6 -w e ll p la te s , ce lls  w e re  try p s in ized  an d  
re p la te d  in to  T ra n sw e ll® -C lea r p la te s  a t 2 .5  x  105 ce lls /cm 2. A fte r  2 4  h  w h en  ce lls  
w e re  co n flu en t, tran se n d o th e lia l p e rm e ab ility  w as m easu red  as p rev io u s ly  d esc rib ed  
(C o llin s  e t  a l  2006). A t t= 0 , f lu o re sce in  iso th io cy an a te  (F IT C )-lab e lled  d ex tran  (40 
k D a , S ig m a -A ld r ic h )  w a s  a d d e d  to  th e  a b lu m in a l c h a m b e r  ( to  g iv e  a  f in a l 
c o n c en tra tio n  o f  250  |ag /m L ) an d  d iffu s io n  o f  d ex tran  ac ro ss  th e  m o n o lay e r a llo w ed  
to  p ro c e e d  a t 3 7°C  fo r  2 h . M e d ia  sam p le s  (30  |^L) w e re  c o lle c te d  ev e ry  30  m in  
fro m  th e  su b lu m in a l co m p artm e n t an d  m o n ito red  in  trip lic a te  (7 |j.L sam p le  +  93 jj.L 
m ed ia ) fo r F IT C -d ex tran  f lu o re scen ce  a t ex c ita tio n  an d  em iss io n  w av e len g th s  o f  490  
an d  5 20  nm , re sp e c tiv e ly  (P e rk in -E lm e r L u m in esce n ce  S p ec tro m e te r L S 5 0 B  w ith  
m ic ro p la te  re a d e r  a tta c h m e n t) . %  T ran s E n d o th e lia l E x ch a n g e  (% T E E ) o f  F IT C - 
d e x tra n  4 0  k D a  is e x p re sse d  a s  th e  to ta l su b lu m in a l f lu o re sc e n c e  a t a  g iv en  tim e  
p o in t ( f ro m  0 -1 2 0  m in ) e x p re ssed  as a  p e rcen tag e  o f  to ta l ab lu m in a l flu o re scen ce  at 
t= 0  m in .
F o r  p e rfu se d  cap illa ry  s tu d ies , a f te r  24  h  o f  e ith e r h ig h  o r  lo w  sh ea rin g , th e  p u m p s 
w e re  s to p p e d  an d  2 ^ C i  o f  14C  su c ro se  w as  ad d e d  to  e a c h  re se rv o ir. T h e  p u m p s  
w e re  re tu rn e d  to  th e ir  h ig h  an d  lo w  se ttin g s  an d  th e  d iffu s io n  o f  14C su c ro se  w as  
a llo w e d  to  p ro c eed  fo r 3 h . M e d ia  sam p les  (ap p ro x im a te ly  100 ¡iL) w e re  co llec ted  
ev e ry  15 m in u te s  by  b rie fly  s to p p in g  th e  p u m p s, ap p ly in g  c lam p s to  th e  lu m in a l in le t
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an d  o u tle t tu b in g , in se rtin g  a  sy rin g e  n ee d le  in to  the  E C S  p o rt an d  rem o v in g  a  m ed ia  
sa m p le . A ll s a m p le s  w e re  s u b s e q u e n tly  a sse sse d  in  t r ip l ic a te  fo r  14C -su cro se  
c o n c e n tra tio n s  b y  sc in ti lla tio n  c o u n tin g  as o u tlin e d  in  s e c tio n  2 .2 .1 4 . %  T rans 
E n d o th e lia l  E x c h a n g e  (% T E E ) o f  14C su c ro se  is  e x p re s s e d  a s  th e  to ta l  E C S  
c o n c e n tra tin  o f  14C su cro se  a t a  g iv e n  tim e  p o in t ex p ressed  as a  p e rcen tag e  o f  to ta l 
re se rv o ir  c o n c en tra tin  o f  14C su c ro se  at t= l  80 m in . D u e  to  d iffe ren ce  in  flo w  ra te s  
u sed , th e  14C -su c ro se  in  th e  h ig h  flo w  sy s tem  co m es in to  c o n tac t w ith  th e  cap illa ry  
b u n d le  a p p ro x im a te ly  60  m in u te s  p r io r  to  th e  lo w  flo w  sy s tem . T h e re fo re , fo r 
sc in tilla tio n  p e rm e ab ility  s tu d ies , it  w as  n ec e ssa ry  to  ad ju s t th e  tim e  sca le  fo r  lo w  
flo w  fro m  “ac tu a l t im e ” to  a  “c o m p ara tiv e  tim e  sca le” (i.e. tim e  14C -su c ro se  is  firs t 
d e te c te d  in  th e  E C S ). N o  s ig n if ic a n t d iffe re n c e  in  p e rm e a b ility  w a s  fo u n d  in  
cap illa rie s  w ith o u t ce lls  u n d e r lo w  an d  h ig h  f lo w  ra te s  (F ig. 2 .2 .1 3 .1 ).
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Tim« After ,4C Deiacted In ECS (min)
Fig. 2.2.13.1: Low and high flow rates do not affect 14C Sucrose permeability 
in the perfused capillary system without cells. E m p ty  cap illa r ie s  w ere  ex p o sed  
to  p u lsa tile  lam in a r sn ea r stress ( lo w  -  0.2 d y n es /cm 2; h ig h  -  14 d y n es/cm 2, 2 4  h) 
and  m o n ito red  fo r p e rm eab ility  to  l4C  su cro se . In  th e  ca rtr id g e  w ith  h ig h  flow , 
th e  c o n c en tra tio n  o f  l4C su c ro se  in  th e  E C S  re ach e s  i t ’s m ax  a t 60  m in , an d  the  
lo w  a t 90  m in  (a). H o w ev er, w h e n  th e  tim e  sca les a re  a d ju s ted  to  co rrec t fo r  th e  
tim e  th a t  th e  14C f irs t c o m es  in to  co n ta c t w ith  th e  cap illa ry  b u n d le , th e re  is  no  
s ig n if ic a n t d iffe ren c e  b e tw e e n  th e  lo w  an d  h ig h  flo w  p a ra d ig m s  in  th e  ra te  o f 
p e rm e ab ility  o f  14C su cro se  (b).
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2 .2 .1 4  14C  S c in t i l la t io n  C o u n ts
F o r sc in tilla tio n  coun ts, 25 ¡¿L o f  E C S  m e d ia  w as ad d ed  to  2 m L  o f  E co sc in t 
H  flu id  in  6 m L  sc in tilla tio n  v ia ls  an d  v o rtex ed  fo r 3 seconds to  en su re  ev en  m ix ing . 
E a c h  s a m p le  w a s  a n a ly s e d  in  t r ip l ic a te .  S a m p le s  w e re  a s s e s s e d  fo r  14C 
co n c en tra tio n s  b y  sc in tilla tio n  co u n tin g  ea ch  sam p le  fo r 5 m in u te s  in  a  B eck m a n  LS 
6500  M u lti-P u rp o se  S c in tilla ito n  C ounter.
2.2.15 Preparation of Whole Cell Lysates
B B M v E C s w ere  w a sh e d  tw ice  in  H B S S  b e fo re  b e in g  h a rv e s te d  u s in g  a  ce ll 
s c rap e r fo r T ran sw ell an d  la m in a r p la te  sh ea r ex p e rim en ts , o r  b y  try p s in iz a tio n  fo r 
p e rfu se d  ca p illa ry  s tu d ies  and  c e n tr ifu g ed  a t 1000 g fo r  5 m in u te s  a t 4°C . P e lle ted  
ce lls  w e re  su b seq u e n tly  ly sed  in  a m o d ified  R IPA  b u ffe r (50  m M  H E P E S , 150 m M  
N a C l, 10 m M  E D T A , 10 m M  so d iu m  p y ro p h o sp h a te , 1 m M  so d iu m  o rth o v an ad a te , 
100 m M  N a F  an d  1%  T rito n  X  su p p le m e n te d  w ith  1/100 d ilu tio n  o f  p ro tea se  and  
p h o sp h a ta se  in h ib ito r co ck ta ils  (S ig m a)). C e lls  w e re  ro ta te d  g en tly  fo r  1 h  a t 4°C 
an d  su b seq u e n tly  c e n tr ifu g ed  a t 13 ,000  g  fo r 20 m in  a t 4°C  to  sed im en t any  trito n - 
in so lu b le  m a te r ia l and  g en e ra te  a  tr ito n -so lu b le  su p ern a tan t frac tio n . P e lle ted  triton - 
in s o lu b le  m a te r ia l  w a s  s u b s e q u e n tly  re s u sp e n d e d  a c c o rd in g  to  th e  m e th o d  o f  
S ak ak ib a ra  e t  al. (S ak a k ib a ra  e t al. 1997) in  S D S -IP  b u ffer (25 m M  H E P E S , 4  m M  
E D T A , 25 m M  N aF , 1%  SD S  an d  1 m M  so d iu m  o rth o v an a d a te ) an d  h o m o g en ized  
u s in g  a  K o n te s  h o m o g e n iz e r  b e fo re  b e in g  p a s se d  ten  tim e s  th ro u g h  a  2 7 -g ag u e  
n ee d le . F o llo w in g  g en tle  ro ta tio n  a t 4°C  fo r 30  m in , ly sa te s  w e re  ce n tr ifu g e d  at 
1 0 ,0 0 0  g  fo r  30  m in  a t 4°C  to  g e n e ra te  an  S D S -so lu b le  f ra c tio n , w h ic h  w as 
c o m b in e d  w ith  th e  tr i to n  so lu b le  f ra c tio n  to  y ie ld  a  to ta l  B B M v E C  ly sa te . A ll 
ly sa te s  w ere  a liq u o ted  in to  w o rk in g  v o lu m es and  s to red  a t -80°C .
2.2.16 Bicinchoninic Acid (BCA) Protein Microassay
In  th is  a s sa y , C u +H re a c ts  w ith  th e  p ro te in  u n d e r  a lk a lin e  c o n d itio n s  to
51
p ro d u c e  C u ’, w h ic h  in  tu rn  reac ts  w ith  B C A  to  p ro d u c e  a  co lo u re d  p ro d u c t. T w o 
se p a ra te  re a g e n ts  w e re  su p p lied  in  th is  co m m e rc ia lly  a v a ila b le  a s sa y  k it (P ie rce  
C h em ica ls), A; an  a lk a lin e  b ica rb o n a te  so lu tio n  an d  B; a  co p p er su lp h a te  so lu tio n . 1 
p a r t so lu tio n  B  is m ix ed  w ith  49  p a rts  so lu tio n  A ; 2 0 0  |^L o f  th is  m ix tu re  is ad d ed  to  
5 (iL o f  p ro te in  ly sa te  o r  B S A  s tan d a rd s  (s tan d a rd  cu rv e  in  th e  ra n g e  0 -2  m g /m L ). 
T he p la te  is in cu b a ted  at 37°C  fo r 30 m in  an d  th e  ab so rb an ce  re ad  at 570  n m  u s in g  a 
B io-TEK ®  E L x800  m ic ro titre  p la te  reader.
2.2.17 Preparation of Immunoprecipitates
F o llo w in g  p re p a ra tio n  o f  w h o le  ce ll ly sa te s  as o u tlin e d  in  se c tio n  2 .2 .1 5 , 
ly s a te s  w e re  m o n ito re d  b y  im m u n o p re c ip i ta t io n  (IP ) a n a ly s is  a s  p re v io u s ly  
d e s c r ib e d  (F e rg u s o n  e t al. 2 0 0 0 )  f o r  o c c lu d in  c o n te n t  a n d  a s s o c ia t io n  o f  
o c c lu d in /Z O -1 . 60  [Ag o f  ly sa te  w a s  in c u b a te d  w ith  1.5 [Ag o f  th e  a p p ro p ria te  
m o n o c lo n a l an tib o d y , 6 liL  o f  10%  B S A , 7.5 fxL o f  P ro te in  G  S ep h aro se  b ea d s  an d  
ly sis  b u ffe r to  g ive  a  fin a l v o lu m e  o f  500 ¡j,L. In cu b a tio n  p ro c eed e d  o v e rn ig h t a t 4 °C  
w ith  co n tin u o u s  e p p e n d o rf  ro ta tio n . F o llo w in g  in cu b atio n , b ead s w e re  w a sh e d  tw ice  
in  ly s is  b u ffe r  +  1%  T rito n -X  a n d  tw ic e  in  ly s is  buffer, re su sp e n d e d  in  30 m L  o f  
S D S -P A G E  sam p le  so lu b iliz a tio n  b u ffe r  an d  h e a te d  fo r 10 m in  a t 9 0 °C . S am p les  
w e re  th e n  sp u n  fo r  25 sec  u s in g  a  C a p su le fu g e  (Tom y, F re e m o n t, C A ) to  p e lle t 
b ead s. T h e  su p ern a tan t, co n ta in in g  so lu b ilized  p ro te in s , w as  re m o v e d  to  a  fre sh  tu b e  
fo r W este rn  b lo ttin g  as d esc rib ed  in  sec tio n  2.4.
2.3 RNA Preparation Methods
2.3.1 RNA isolation
T rizo l is a  re ad y -to -u se  re a g e n t fo r  th e  iso la tio n  o f  to ta l R N A , D N A  an d /o r 
p ro te in  fro m  ce lls  an d  tissu es  a n d  em p lo y s  th e  m eth o d s o f  R N A  iso la tio n  d ev e lo p ed  
by  C h o m czy n sk i an d  S acch i (C h o m czy n sk i an d  S acch i 1987). T rizo l m a in ta in s  th e  
in te g rity  o f  th e  R N A  w h ile  d is ru p tin g  th e  ce lls  and  d isso lv in g  th e  ce ll co m p o n en ts .
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C ells  w e re  ly se d  d irec tly  in  cu ltu re  p la te s  b y  th e  ad d itio n  o f  1 m L  o f  T rizo l p e r 10 
cm 2. A  v o lu m e less  th an  th is  can  re su lt in  co n tam in a tio n  o f  the  R N A  w ith  D N A . T o 
e n su re  c o m p le te  h o m o g en iza tio n , ce lls  w e re  ly se d  by  p ass in g  th ro u g h  a  p ip e tte  a  
n u m b er o f  tim es. T h e  sam p les  w ere  th en  in cu b a te d  fo r 5 m in  at ro o m  tem p era tu re  to  
a llo w  co m p le te  d isso c ia tio n  o f  n u c leo p ro te in  co m p lex es. 0 .2  m L  o f  ch lo ro fo rm  w as 
ad d ed  p e r  m L  o f  T rizo l u sed  an d  w a s  th en  m ix ed  v ig o ro u sly  fo r  15 seco n d s  b efo re  
b e in g  in c u b a te d  fo r  5 m in  a t ro o m  te m p e ra tu re . S am p le s  w e re  su b se q u e n tly  
ce n tr ifu g e d  a t 12 ,000  g  fo r  15 m in  a t 4°C . T h e  m ix tu re  sep a ra ted  in to  a  lo w er red , 
p h e n o l-c h lo ro fo rm  p h a se , an  in te rp h a se  a n d  a n  u p p e r  co lo u rle ss  aq u e o u s  p h ase . 
R N A  re m a in s  ex c lu s iv e ly  in  th e  aq u eo u s  p h ase . T h e  aq u eo u s  p h ase  w a s  ca re fu lly  
re m o v e d  an d  tra n s fe rre d  to  a fresh , s te rile  tu b e . T h e  R N A  w as p re c ip ita te d  o u t o f  
so lu tio n  by  th e  ad d itio n  o f  0.5 m l o f  iso p ro p an o l p e r 1 m L  o f  T rizo l u sed . S am ples 
w e re  in c u b a te d  fo r 15 m in  a t ro o m  tem p e ra tu re  and  th e n  cen trifu g ed  a t 12 ,000  g fo r 
10 m in  at 4°C . T h e  R N A  p re c ip ita te  fo rm s  a  g e l-lik e  p e lle t o n  th e  s id e  o f  th e  tube. 
T h e  su p e rn a tan t w as rem o v ed  an d  th e  p e lle t w a sh e d  in  1 m L  o f  75%  e th an o l p e r m L  
o f  T rizo l u sed  fo llo w ed  by  ce n tr ifu g a tio n  a t 7 ,500  g fo r 5 m in  a t 4°C . T he re su ltan t 
p e lle t w a s  a ir-d r ie d  fo r  5 -10  m in  b e fo re  b e in g  re su sp e n d ed  in  D E P C -tre a te d  w ate r. 
T h e  sam p le  w a s  th en  s to red  a t -8 0 ° C  u n til u se . R N A  co n cen tra tio n  w as  d e te rm in ed  
b y  U V  sp ec tro p h o to m e try  as o u tlin ed  in  sec tio n  2 .3 .2 .
2.3.2 Spectrophotometric Analysis of Nucleic Acids
T h e  c o n c e n tra t io n  a n d  p u r ity  o f  th e  iso la te d  R N A  w a s  d e te rm in e d  by  
m easu rin g  th e  a b so rb an ce  o f  a  1 :100  d ilu tio n  o f  th e  sam p le  in  S h im a d zu  U V -160A  
d u a l sp ec tro p h o to m e te r a t 260  n m  an d  2 80  nm . D E P C  w a te r in  a  q u a rtz  cu v e tte  w as  
u sed  to  b lan k  th e  m ach in e . T he R N A  co n c en tra tio n  w as  d e te rm in ed  as fo llo w s;
A b s  @260nmx 40  x  d ilu tio n  fa c to r  = C o n cen tra tio n  o f  R N A  (\ig /m L )
T h e  p u rity  o f  R N A  sam p les  w as  e s ta b lish e d  b y  read in g  th e  a b so rb an ce  a t 2 60  nm  
a n d  th e  a b so rb a n c e  a t 2 8 0  n m  a n d  th e n  d e te rm in in g  th e  ra tio  b e tw e e n  th e  tw o  
(A B S 260/A B S 280). P u re  R N A  h as a  ra tio  o f  2 .0 , lo w er ra tio s  in d ica te  th e  p re sen ce  o f  
p ro te in s , h ig h e r  ra tio s  im p ly  th e  p re sen ce  o f  o rg an ic  reag en ts  su ch  as p h en o ls .
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2 .3 .3  R e v e r s e  T r a n s c r ip t io n  (R T ) R e a c t io n
C o p y  D N A  (c D N A ) w as  sy n th es ized  fro m  m essen g e r R N A  (m R N A ) u s in g  
an  iScript™  cD N A  sy n th esis  k it (B io -R ad  L ab o ra to rie s , C a lifo rn ia , U S A ). F o r each  
R T  reac tio n , 4 (u,L 5x b u ffe r, 1 [iL re v e rse  tran sc rip ta se  en zy m e  and  1 ¡Ag o f  R N A  
w ere  m ix ed  an d  su b jec te d  to  one R T  cy c le  co n s is tin g  o f  th ree  p h ase s ; i) 25°C  fo r 5 
m in , ii) 42°C  fo r  30  m in  an d  iii) 85°C  fo r  5 m in  in  a  P C R  S p rin t th e rm o  cy c le r  
(T h e rm o  E le c tro n  C o rp o ra tio n  -  M a ssa c h u se tts , U S A ). T h e  re s u lta n t cD N A  o f  
in te re st w a s  am p lif ied  b y  rea l-tim e  P C R  as d esc rib ed  in  sec tio n  2 .3 .4 .
2.3.4 Real-Time Polymerase Chain Reaction (PCR)
Q u a n tita tiv e  re a l- tim e  P C R  w as  ca rr ie d  o u t u s in g  S Y B R  G reen  d y e  and  a 
R ea l tim e  R o to r-G en eR G -3 0 0 0 ™  lig h tc y c le r (C o rb e tt R esea rch ). S Y B R  G reen  is a  
f lu o re sc e n t d y e  w h ich , w h e n  b o u n d  to  th e  m in o r g ro o v e  o f  d o u b le  s tran d e d  D N A , 
em its  f lu o re sc e n c e . T h e  flu o re sc e n c e  is  d ire c tly  p ro p o r tio n a l to  th e  am o u n t o f  
p ro d u c t fo rm e d . cD N A , as o u tlin e d  in  se c tio n  2 .3 .3  w as  a m p lif ie d  fo r th e  ta rg e t 
seq u en ces  o f  in te re st, n am ely  o cc lu d in , Z O -1 an d  G A P D H . P rim er se ts  sp ec if ic  fo r 
th e  p ro d u c t o f  in te re s t a re  d e ta iled  in  tab le  2 .3 .4 .1 .
Target
Gene
Primer Sequence Anneal
Temp
Product
Size
Occludin
For 5’ AGT GGC TCA GGA GCT GCC ATT GAC TTC ACC 3’ 
Rev 3 ’ AGG TGG ATA TTC CCT GAT CCA GTC GTC GTC 5’
61°C 220 bp
ZO-1
For 5’ AGG CGC AGC TCC ACG GGC TTC AGG AAC TTG 3’ 
Rev 3’ TCA GCC GTG GAG GAA GAT GAA GAC GAA GAC 5’
59°C 290 bp
GAPDH
For 5’ TGC TGA GTA TGT CGT GGA GT 3’ 
Rev 3’ GCA TTG CTG ACA ATC TTG AG 5’
53°C 186 bp
Table 2.3.4.1: T a b u la te d  d a ta  fo r  sp e c if ic  p r im e r  seq u e n ces  fo r re a l- t im e  P C R
p ro d u c ts
5 4
E ach  reaction  w a s se t  up in  trip licate  as fo llo w s:
S Y B R  G re en  to ta l re ag en t 12.5 ^iL
D E P C  W ater 8.5 [xL
F o rw ard  P rim er 1.0 ¡xL
R ev erse  P rim er 1.0 |j,L
cD N A  2 .0  \iL
E a c h  sam p le  w a s  m ix e d  b rie f ly  an d  sp u n  d o w n  fo r 6 seco n d s  u s in g  a  C ap su le fu g e  
(Tom y, F re e m o u n t, C A ). T h e  R e a l- t im e  P C R  c y c le  p ro g ra m  u se d  fo r  p ro d u c t 
am p lifica tio n  w as  as fo llow s:
Denature 95°C 15 m in
Cycling D en atu re 95°C 20  s
A n n ea lin g 59°C 30  s
E x ten sio n 72°C 30 s
Hold 60°C 1 m in
Melt 50 -  100°C
45 cy c le s
A lth o u g h  th e  o p tim u m  an n ea lin g  tem p e ra tu re  fo r  e a ch  o f  th e  p rim ers  w as  d iffe ren t, 
a ll th ree  fu n c tio n e d  a t  an  an n ea lin g  te m p e ra tu re  o f  59°C , th ere fo re , th is  w a s  u sed  as 
th e  an n ea lin g  te m p e ra tu re  fo r all re a l- tim e  P C R  p ro d u c t am p lifica tio n s . A ll p rim e r 
p a irs  u sed  w e re  ro u tin e ly  sc reen ed  fo r  n o n -sp e c ific  p rim er-d im e r p ro d u c ts  b y  m e lt 
cu rv e  an a ly s is  an d  ag a ro se  gel e lec tro p h o re s is  as o u tlin e d  in  sec tio n  2 .3 .5 . F o r the  
p u rp o s e  o f  q u a n tif ic a tio n , G A P D H  (g ly c e ra ld e h y d e  p h o sp h a te  d eh y d ro g e n a se )  a  
h o u se -k eep in g  g en e , w a s  u sed  fo r n o rm aliza tio n .
2.3.5 Agarose Gel Electrophoresis
R ea l-tim e  P C R  p ro d u c ts  w ere  ex a m in e d  to  en su re  th a t the  P C R  p ro d u c t w as 
th e  c o r re c t  s iz e  a n d  th a t  p r im e r -d im e rs  w e re  n o t  fo rm e d . A ll  D N A  g e l
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e le c t r o p h o r e s i s  w a s  c a r r ie d  o u t  u s in g  a  G ib c o B R L  H o r iz o n  2 0 .2 5  G e l 
E lec tro p h o res is  A p p a ra tu s . B efo re  u se  th e  gel b o x  w as  c lean ed  w ith  e th an o l and  the  
g e l c a s t w as  se t u p  as d esc rib ed  in  th e  m a n u fa c tu re rs  in s tru c tio n  m an u a l. A  2 .5 %  
a g a ro se  g e l w a s  m a d e  u p  b y  d is so lv in g  12.5 g  o f  ag a ro se  in  5 00  m L  o f  l x  T ris 
A c e ta te  E D T A  (5 0 x  T A E , E p p e n d o rf , H a m b u rg , G e rm an y ). T h e  a g a ro se  w a s  
d isso lv e d  by  h ea tin g  in  a  m icro w av e  (700  m H z) a t fu ll p o w e r fo r 5 m in . 100 m L  o f  
th e  liq u id  ag a ro se  w as  th e n  tran sfe rre d  to  a  fre sh  g lass  beaker. To th is  2 5 0  m L  o f  
2 0 0  m g /m L  o f  E th id iu m  B ro m id e  (E tB r) so lu tio n  w as ad d ed  and  m ix ed  th o ro u g h ly  
to  g iv e  a  fin a l c o n c en tra tio n  o f  0.5 m g /m L  E tB r. T h e  ag a ro se  w as  th e n  p o u re d  in to  
th e  cast, th e  co m b  p u t in to  p lace  an d  th e  gel a llo w ed  to  set. O nce set, th e  co m b  w as 
re m o v e d  an d  th e  ap p a ra tu s  filled  w ith  l x  TA E buffer. T h e  sam ples w ere  p re p a re d  as 
fo llo w s: 15 m L  o f  P C R  p ro d u c t +  5 m L  o f  4 x  lo ad in g  dye. 8 m L  w as lo ad ed  in to  
ea ch  w e ll, w ith  d u p lic a te  w e lls  fo r  each  sam p le . T h e  g e l w as  ru n  a t 80 V, 110 m A  
an d  150 W  u n til th e  d y e  fro n t h ad  m ig ra ted  th e  len g th  o f  the  gel. W h e n  fin ish ed  th e  
gel w as  p la c e d  o n  an  U ltra  V io le t P ro d u c ts  U V  tran s illu m in a to r fo r v isu a liz a tio n  an d  
an  im ag e  ca p tu red  u s in g  a K o d ak  D C 2 9 0  d ig ita l cam era  fo r d o cu m en ta tio n . T h e  gel 
w as th e n  d isp o sed  o f  in  th e  ap p ro p ria te  E tB r w aste  container.
2.4 Western Blotting
2.4.1 Preparation of SDS PAGE Gels
F o r  a ll p ro te in  e lec tro p h o re s is  a n d  W este rn  b lo ttin g , an  A tto  A E -6 4 5 0  D u a l 
M in i S la b  K it w a s  u se d . P r io r  to  u sa g e  g la ss  p la te s , g ask e ts  an d  c o m b s  w e re  
sw a b b e d  w ith  e th a n o l as p e r  m a n u fa c tu re s  in s tru c tio n s  (A H O , T o k y o  Jap a n ). 
B B M v E C  ly sa te  a n d  IP  sam p les  w ere  re so lv ed  u n d e r red u c in g  co n d itio n s  acco rd in g  
to  th e  m e th o d s  o f  L aem m li (L a em m li 1970). R eso lv in g  gels  12%  (occ IP  an d  co -IP ) 
an d  6 %  (Z O -1 ) an d  s ta c k in g  g e ls  5%  (o c c  IP  an d  c o -IP ) an d  3%  (Z O -1 )  w e re  
p re p a re d  as o u tlin e d  in  tab le  2 .4 .1 .1 .
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R eso lv in g  Gel S tack in g  G el
12% 6% 5% 3%
A c ry lam id e /B is  A cry lam id e 4 .2  m L 2 .3 6  m L 500 |uL 30 0  jxL
G el B u ffe r 3.5 m L 157 (iL 1 m L 4 0  [¿L
10%  S D S  (w /v ) 140 \iL 3 .9 4  m L 40  [xL 1 m L
u p h 2o 6 .16  m L 9.3 m L 2 .4 6  m L 2 .6 6  m L
10%  A m m o n iu m  P ersu lp h a te  (w /v ) 70 \ iL 79  \iL 20  [iL 20  [xL
T E M E D 21 jxL 24  |aL 6 (J.L 6 fxL
Table 2.3.4.1: SD S P A G E  gel fo rm u la tio n s . R e so lv in g  gel b u ffe r  an d  s tack in g  gel 
b u ffe rs  h av e  a  p H  o f  8.8 a n d  6 .8  respectively .
T h e  re so lv in g  gel w a s  p o u red , o v e rla id  w ith  e th an o l an d  a llo w ed  to  p o ly m e riz e  fo r 
2 0  m in  a t w h ic h  p o in t th e  e th an o l w a s  p o u re d  o f f  an d  an y  tra c e s  o f  e th an o l w e re  
re m o v e d  b y  w a sh in g  w ith  s ta ck in g  g e l buffer. 2 m L  o f  s ta c k in g  gel w as  th e n  
o v e r la id  o n  th e  re so lv in g  g e l, th e  co m b  in se rte d  a n d  a llo w e d  to  p o ly m e riz e  fo r  20  
m in . T h e  e le c tro p h o re s is  c h a m b e r w a s  th e n  f i l le d  w ith  a p p ro x im a te ly  2 0 0  m L  
re se rv o ir  b u ffe r  (25  m M  T ris , 192 m M  G ly c in e , 0 .1 %  S D S ). W h e n  th e  g e ls  h a d  
p o ly m erize d , th e  co m b s , c lam p s an d  g ask e ts  w e re  re m o v e d  an d  gel p la te s  in se rted  
in to  th e  e le c tro p h o re s is  cham ber. T h e  sp ace  b e tw e e n  th e  tw o  g e ls  w a s  th e n  f ille d  
w ith  re se rv o ir  b u ffe r  an d  w e lls  flu sh ed  to  rem o v e  any  u n p o ly m erized  ac ry lam id e .
2.4.2 SDS PAGE Sample Preparation and Electrophoresis
In  o rd e r to  m e a su re  o cc lu d in  ex p re ss io n  a n d  o cc lu d in /Z O -1  a sso c ia tio n , IP s 
w e re  p re p a re d  as o u tlin e d  in  sec tio n  2 .2 .1 5 . F o r  Z O -1  W este rn  b lo ttin g , to ta l ly sa te , 
4 X  s a m p le  s o lu b i l iz a t io n  b u f fe r  (S S B  -  8 %  S D S , 4 0 %  g ly c e ro l ,  4 %  |3- 
m a rc a p to e th a n o l, 0 .0 0 8 %  B ro m o p h en o l b lu e  a n d  0 .2 5 M  T risC l, p H  6 .8 ) a n d  ly s is  
b u ffe r  w e re  m ix e d  to  g iv e  a f in a l c o n c en tra tio n  o f  8 [J.g p ro te in  an d  IX  S S B  in  20  
¡xL. T h e  sam p le  w a s  th e n  in cu b a te d  fo r 5 m in  in  a  95°C  h e a tin g  b lo c k  a n d  co o led  
ra p id ly  o n  ice . T h e  ly sa te  o r IP  sam p les  w e re  th e n  slo w ly  ad d ed  to  th e  s tack in g  gel
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w ells . 2 [xL o f  R a in b o w  P ro te in  M o le c u la r  M a rk e r  (A m ersh am  L ife sc ien ce s) w as 
ad d e d  to  th e  f irs t  lan e  o f  th e  gel. T h e  sam p le s  an d  m ark e rs  w e re  th e n  sep a ra ted  
e lec tro p h o re tic a lly  a t 150 V, 90 m A , 150 W  fo r 2  h  (IP s) o r 4  h  (Z O -1).
2.4.3 Wet Transfer and Ponceau S Staining
A  B IO -R A D  M in i-P R O T E A N ®  3 C ell w e t tran sfe r ch am b er w as  u sed  fo r all 
w e t tra n s fe rs . F o llo w in g  gel e lec tro p h o res is , g e ls  w ere  re m o v e d  fro m  g lass  p la tes , 
th e  s ta ck in g  gel d isca rd ed  an d  the  re so lv in g  gel so ak ed  fo r 10 m in  in  tran sfe r  b u ffer 
(2 5  m M  T ris , 192 m M  G ly c in e , 2 0 %  m e th a n o l ,  0 .1 %  S D S ). W h a tm a n n  
ch ro m a to g rap h y  p a p e r  an d  n itro ce llu lo se  m em b ran e  (PA L L  B io trace ) w e re  cu t to  the  
size  o f  th e  re so lv in g  gel ( 7 x 9  cm ) an d  p re -so a k e d  in  tra n s fe r  buffer. T h e  tran sfe r 
ca sse tte  w a s  a ssem b led  as fo llow s:
Sponge
.Chromatography Paper 
■Gel
.Mem brane
'Chromatography Paper 
’Sponge
P ro te in s  w e re  tra n s fe r re d  a t 100 V, 5 0 0  m A , 150 W  fo r  1 h  30  m in . A fte r  
co m p le tio n  o f  th e  tran sfer, m em b ra n es  w e re  so ak e d  in  P o n cea u  S so lu tio n  (S ig m a) 
fo r 3 m in  to  en su re  ev en  p ro te in  lo ad in g . T h e  s ta in  w as  su b seq u e n tly  re m o v e d  by 
g en tle  w ash in g  in  IX  P B S , 0 .0 5 %  T w een-20  (P B S-T w een).
2.4.4 Immunodetection
F o llo w in g  re m o v a l o f  th e  P o n c e a u  S sta in , m em b ra n es  w e re  b lo ck ed  e ith e r 
o v e rn ig h t (Z O -1 ) o r fo r 1 h  (occ  o r occ /Z O -1  IP s) in  5%  B S A  so lu tio n . M em b ran es  
w e re  rin se d  g en tly  in  P B S -T w een  to  re m o v e  ex cess b lo ck in g  so lu tio n  an d  in cu b a ted
}
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e i th e r  o v e rn ig h t  (o c c lu d in )  o r fo r  3 h  (Z O -1 )  w ith  th e  a p p ro p r ia te  p r im a ry  
m o n o c lo n a l  a n t is e ra  (Z y m e d ) a t 1 :1 0 0 0  d ilu tio n . M e m b ra n e s  w e re  w a sh e d  
v ig o ro u s ly  fo r  30  m in  in  P B S -T w een  p r io r  to  in cu b a tio n  w ith  a  1 :4000 d ilu tio n  o f  
H R P -c o n ju g a te d  g o a t a n ti-m o u se  se c o n d a ry  a n tis e ra  (A m e rsh a m  B io sc ie n c e s  -  
B u c k in g h a m sh ire , U K ) fo r  2 h . M e m b ra n e s  w e re  th e n  w a sh e d  v ig o ro u s ly  fo r  30 
m in  in  P B S -T w e e n  p r io r  to  d e te c tio n  o f  im m u n o re a c tiv e  p ro te in s  b y  e n h a n c e d  
ch em ilu m in esce n ce . S u p ers ig n a l®  W est P ico  c h e m ilu m in esce n t su b s tra te  (P ie rce ) 
w a s  p re p a re d  a c c o rd in g  to  th e  m a n u fa c tu re r s  in s tru c tio n s  a n d  in c u b a te d  w ith  
m e m b ra n e s  fo r 5 m in . E x ce ss  su b s tra te  w as  re m o v e d  an d  ch e m ilu m in esce n t s ignal 
w a s  d e tec ted  in  a  d a rk  ro o m  u s in g  A m ersh am  H y p e rfilm  au to ra d io g rap h y  f ilm  an d  
d e v e lo p e d  in  a n  A m e rsh a m  h y p e rp ro c e s s o r  a u to m a tic  d ev e lo p e r. Im m u n o b lo t 
im a g e s  w e re  c a p tu re d  u s in g  a  K o d a k  D C 2 9 0  d ig ita l  c a m e ra  an d  a  q u a n tita tiv e  
c o m p ariso n  b e tw e en  b an d s  ca rried  o u t u s in g  K o d a k  ID  (v e rs io n  3 .5 .4 ) d en s ito m etry  
im ag in g  so ftw are .
2.5 Statistical Analysis
R esu lts  a re  e x p re s se d  as m e a n  ± S E M  o f  a  m in im u m  o f  th ree  in d e p e n d e n t 
e x p e rim en ts  (n = 3 ) u n le ss  o th e rw ise  sta ted . S ta tis tica l co m p ariso n s  w e re  p e rfo rm ed  
u s in g  u n p a ire d  S tu d e n t’s / - te s t  o r  T w o-W ay A N O V A  w ith  re p lic a tio n , w h e re  
ap p licab le . A  v a lu e  o f  P<. 0 .05  w as  co n sid e red  sign ifican t.
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C h a p t e r  3
O p t i m i s a t i o n  o f  c e l l  c u l t u r e  m e d i a  a n d  
c h a r a c t e r i z a t i o n  o f  t h e  m o d e l
6 0
3 .1  I n tr o d u c t io n
E n d o th e l ia l  c e lls  fo rm in g  th e  B B B  in  v ivo  a re  h ig h ly  d iffe ren tia ted , 
d isp lay in g  a  d is tin c t p h en o ty p e  a sso c ia ted  w ith  lo w  p e rm e ab ility  an d  h ig h  e lec trica l 
re s is tan c e , cau sed  b y  th e  p re sen ce  o f  tig h t ju n c tio n s  sea lin g  th e  p a race llu la r  p a th w ay  
b e tw e e n  a d ja c e n t e n d o th e lia l  ce ll (C ro n e  a n d  O le s e n  1982 ; B u tt e t al. 1990). 
H ow ever, m a n y  o f  th e s e  c h a ra c te r is tic s  a re  lo s t in  v itro  d u e  to  th e  o n g o in g  d e ­
d iffe re n tia tio n  o f  th e  c e lls  w h e n  p a s sa g e d  (M e re sse  e t al. 1989; M isc h e c k  e t al. 
1989; F u k u sh im a  e t al. 1990; M ey e r e t al. 1990; M izu g u ch i e t al. 1994). F o r th is  
reaso n , it is  e ssen tia l to  o p tim ize  th e  en d o th e lia l cu ltu re  m ed iu m  in  o rd e r to  m a in ta in  
th e  B B B  ch a rac te ris tic s  o f  B B M v E C s and  lo w er th e  ra te  o f  d e -d iffe ren tia tio n .
B B M v E C s  re c e iv e d  fro m  C e ll A p p lic a tio n s , In c . d isp la y e d  ty p ic a l m ic ro v a sc u la r  
e n d o th e lia l  p h e n o ty p e  a s  d e f in e d  b y  v iab ility , m o rp h o lo g y  a n d  d o u b lin g  tim e . 
H o w ev er, th e  m e d ia  co m p o n en ts , in c lu d in g  se ru m  co n ten t an d  g ro w th  fac to rs , w ere  
u n d e fin e d  (an d  p ro p rie ta ry  in fo rm atio n ). F u th e rm o re , due to  licen c in g  d ifficu lties  in  
im p o rtin g  b o v in e -d e riv e d  p ro d u c ts  (se ru m  in  m ed ia ) fro m  a n o n -E U  so u rce  an d  the  
a s so c ia te d  c o s t in v o lv ed , it w as n e ith e r  c o s t  o r tim e -e ff ic ie n t to  co n tin u e  u sag e  o f  
C e ll A p p lic a tio n s , Inc . m ed ia . A s  su ch  it w as  n e c essa ry  to  d ev e lo p  a  d e f in e d  in ­
h o u s e  m e d ia  th a t  in d u c e d  th e  sam e  p h e n o ty p e  a n d  g ro w th  c h a ra c te r is t ic s  in  
B B M v E C s as th e  C ell A p p lica tio n s  m ed ia .
M o reo v er, fo r co -cu ltu re  an d  se ru m  s tu d ies  o u tlin e d  in  sec tio n  2 .2 .7 , it is n ecessa ry  
to  cu ltu re  C 6  g lio m a  ce lls  in  se ru m  fre e -m e d ia  fo r 2 4  h . A s th e  C 6 g lio m a  w ere  
re sp o n s ib le  fo r  th e  c o -c u ltu re  c o n d itio n in g  o f  th e  B B M v E C s, i t  is o f  p a ra m o u n t 
im p o rta n c e  th a t  th e y  re m a in  v ia b le  in  se ru m -fre e  co n d itio n s , an d  m a in ta in  th e ir  
a s tro cy te  p ro p e rtie s .
In this chapter, we describe the optimization o f a growth media suitable fo r  the 
culture o f both BBMvECs and C6 glioma and to characterize the two cell types. 
Moreover, it was necessary to ensure the viability o f C6 glioma in the serum-free 
conditions required by the co-culture experimental paradigm.
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3 .2  R e s u lts
3.2.1 Media- and serum-dependent proliferation, morphology and viability of 
BBMvECs
B B M v E C s w e re  p la te d  a t 1 x  104 ce lls /cm 2 in  e ith e r h ig h  g lu co se  D M E M  
(F ig . 3 .2 .1  c an d  d ), M e d iu m  199 (F ig . 3 .2 .1  e an d  f) o r H a m ’s F 12  M ed iu m  (F ig .
3 .2 .1  g  a n d  h ) c o n ta in in g  1% P /S  an d  e i th e r  10%  v /v  S ig m a  o r  G ib c o  F C S . 
B B M v E C s  w e re  a lso  p la te d  in  C ell A p p lic a tio n s  B B M v E C  C ell G ro w th  M ed iu m  
(D ay  0, F ig . 3 .2 .1  a), as  a  p o s itiv e  co n tro l. C e lls  w e re  m o n ito red  by  p h ase  co n tra s t 
m ic ro sco p y  ev e ry  24  h  fo r ce ll p ro life ra tio n , m o rp h o lo g y  an d  v iab ility . F o llo w in g  6 
d ay s  in  cu ltu re , th e  B B M v E C s in  C e ll A p p lic a tio n s  m e d ia  b ec am e  c o n f lu e n t (F ig .
3.2.1 b ). B B M v E C s g ro w n  in  D M E M  w ith  10%  G ib co  F C S  m o st c lo se ly  re sem b led  
ce lls  g ro w n  in  C e ll A p p lica tio n s  m e d ia  fo r ra te  o f  p ro life ra tio n , ce ll m o rp h o lo g y  and  
ce ll v iab ility  (F ig . 3 .2 .1  d).
3.2.2. Basic Fibroblast Growth Factor (bFGF) is required for maintained 
BBMvEC proliferation, morphology and viability in vitro
B B M v E C s  w e re  p la te d  a t  1 x  104 c e lls /c m 2 in  e ith e r  C e ll A p p lic a tio n s  
B B M v E C  C ell G ro w th  M ed iu m  (as co n tro l)  o r h ig h  g lu co se  D M E M  w ith  1%  P /S  
an d  G ib co  F C S , co n ta in in g  re co m b in an t h u m an  b F G F  ran g in g  in  co n c en tra tio n  from  
0 to  6 n g /m L . C e lls  w e re  m o n ito red  by  p h a se  co n tra s t m ic ro sco p y  e v e ry  2 4  h  fo r 
c e ll  p ro life ra tio n , m o rp h o lo g y  an d  v iab ility . F o llo w in g  6 d ay s  in  c u ltu re ,  th e  
B B M v E C s in  C e ll A p p lic a tio n s  m e d ia  b ec am e  c o n f lu e n t (F ig . 3 .2 .2  b lu e  b o rd e r) . 
B B M v E C s  g ro w n  in  th e  p re se n c e  o f  3 n g /m L  b F G F  (F ig . 3 .2 .2  re d  b o rd e r)  m o s t 
c lo s e ly  r e s e m b le d  c e lls  g ro w n  in  th e  C e ll  A p p l ic a t io n s  m e d ia  fo r  ra te  o f  
p ro life ra tio n , ce ll m o rp h o lo g y  an d  ce ll v iab ility .
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Fig. 3.2.1: Optimization of Basal Media and Fetal Calf Serum for BBMvEC 
Growth Media: B B M v E C s  w e re  s e e d e d  a t 1 x  104 c e lls /c m 2 in  e ith e r  C e ll 
A p p lic a tio n s  c o m p le te  m e d ia  (d ay  0, (a ) a n d  a t  c o n flu e n ce , d ay  6 , (b )), h ig h  
g lu co se  D M E M  (b  a n d  c), M l 99 (d  an d  e) o r H a m ’s F 1 2  ( f  a n d  g) w ith  1%  P /S  
and  10%  F C S  fro m  e ith e r S ig m a o r G ibco . B B M v E C  p ro life ra tio n , v iab ility  and  
m o rp h o lo g y  w e re  a sse sse d  d a ily  b y  p h ase  c o n tra s t  m icro sco p y . Im a g e s  b -h  
sh o w n  are  6 d ay s  p o s t seed in g  (i.e . tim e  req u ired  fo r ce lls  to  re ach  co n flu e n cy  in  
C ell A p p lica tio n s  M ed ia ). B lack  a rro w s in d ica te  ce lls  w h ich  fa iled  to  f la tte n  o r 
p ro life ra te  fo llo w in g  adh eran ce ..
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Fig. 3.2.2: Optimization of Growth Factors in BBMvEC Growth Media:
B B M v E C s w e re  see d ed  a t 1 x  104 ce lls /cm 2 in e ith e r C ell A p p lica tio n s  co m p le te  
m e d ia  (C A ) o r  h ig h  g lu co se  D M E M  c o n ta in in g  1% P /S , 10%  G ib co  F C S  and  
b F G F  ra n g in g  fro m  0 to  6 n g /m L . B B M v E C  p ro life ra t io n , v ia b i l ity  a n d  
m o rp h o lo g y  w e re  a sse sse d  d a ily  b y  p h ase  co n tra s t m icro sco p y . Im ag es sh o w n  
are  1, 2 , 3 an d  6 d ay s  p o s t seed in g  (i.e. tim e  re q u ired  fo r ce lls  to  reach  co n flu en cy  
in  C e ll A p p lica tio n s  M ed ia ) . B lu e  fram e in d ica te s  co n flu e n t B B M v E C s in  C ell 
A p p lica tio n s  co m p le te  m ed ia , re d  fram e in d ica te s  o p tim u m  bF G F  c o n c en tra tio n  
in  D M E M  m ed ia .
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3.2.3 Heparin is required for maintained BBMvEC proliferation, morphology 
and viability in vitro
B B M v E C s  w e re  p la te d  a t  1 x  104 c e lls /c m 2 in  e ith e r  C e ll A p p lic a tio n s  
B B M v E C  C ell G ro w th  M ed iu m  (as co n tro l)  o r  h ig h  g lu co se  D M E M  co n ta in in g  1%  
P /S  an d  G ib co  F C S , 3 n g /m L  re c o m b in a n t h u m a n  b F G F  an d  h e p a rin  ra n g in g  in  
c o n c e n tra t io n  fro m  0 to  6 |xg /m L . C e lls  w e re  m o n ito re d  b y  p h a s e  c o n tra s t  
m ic ro sco p y  ev ery  2 4  h  fo r ce ll p ro life ra tio n , m o rp h o lo g y  an d  v iab ility . F o llo w in g  
144 h  in  cu ltu re , th e  B B M v E C s in  C e ll A p p lic a tio n s  m e d ia  b ec am e  co n flu e n t (F ig .
3 .2 .3  a). B B M v E C s g ro w n  in  th e  p re se n c e  o f  3 fxg/mL h e p a rin  (F ig . 3 .2 .3  b ) m o s t 
c lo s e ly  re s e m b le d  c e lls  g ro w n  in  th e  C e ll  A p p l ic a t io n s  m e d ia  fo r  ra te  o f  
p ro life ra tio n , ce ll m o rp h o lo g y  an d  ce ll v iab ility .
3.2.4 Characterization of BBMvECs grown in in-house media by expression of 
Von-Willebrand Factor VIII antigen
B B M v E C s w e re  p la te d  a t 1 x  104 c e lls /cm 2 o n  s te rile  co v e rs lip s  u s in g  in ­
h o u se  m e d ia  (h ig h  g lu co se  D M E M , 1%  P /S , 10%  G ib co  F C S , 3 n g /m L  b F G F  an d  3 
[xg/mL h ep a rin ) an d  g ro w n  fo r 72 h  to  80%  co n flu en ce . V on W illeb ran d  F ac to r V III 
ex p re ss io n  w as  m o n ito red  b y  im m u n o c y to c h em is try  as d e sc rib e d  in  sec tio n  2 .2 .11 . 
B B M v E C s w ere  fo u n d  to  b e  p o s itiv e  fo r V on W illeb ran d  F a c to r  V III (F ig . 3 .2 .4  b) 
an d  n eg a tiv e  fo r  co n tro l ce lls  w ith o u t p rim ary  an ti-se ru m  (F ig . 3 .2 .4  a).
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Fig. 3 .2 .3 : Optimization of Heparin in B B M v E C  growth media: B B M v E C s 
w ere  seed ed  a t 1 x  104 ce lls /cm 2 in  e ith e r C ell A p p lica tio n s  co m p le te  m ed ia  (a) o r 
h ig h  g lu co se  D M E M  co n ta in in g  1%  P /S , 10%  G ib co  F C S , 3 n g /m L  b F G F  a n d  3 
|xg/m L H e p a r in  (b ). B B M v E C  p ro life ra tio n , v ia b ility  a n d  m o rp h o lo g y  w ere  
a sse sse d  d a ily  b y  p h a se  c o n tra s t  m ic ro sco p y . Im a g e s  sh o w n  a re  6 d ay s  p o s t  
s e e d in g  (i.e . tim e  re q u ire d  fo r  c e lls  to  re a c h  c o n f lu e n c y  in  C e ll A p p lic a tio n s  
M ed ia )
aFig. 3.2.4: Characterization of BBMvECs by Von Willebrand Staining:
B B M v E C s w ere  seed ed  a t 1 x  104 ce lls /cm 2 in  h ig h  g lu co se  D M E M  co n ta in in g  
1%  P /S , 10%  G ib co  F C S , 3 n g /m L  b F G F  and  3 f ig /m L  H ep arin . E x p re ss io n  o f 
e n d o th e lia l-sp e c if ic  V on W illeb ra n d  F a c to r  V III  (g reen , b ) w a s  m o n ito re d  by  
im m u n o c y to c h em is try  u s in g  stan d ard  f lu o rescen ce  m icro sco p y  (lOOOx). C o n tro l 
ce lls  in cu b a ted  w ith o u t p rim ary  an ti-se ru m  sh o w  no  flu o rescen ce  (a).
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3.2.5 Characterization of C6 Glioma by expression of Glial Fibrillary Acidic
Protein (GFAP) antigen and assessment of viability in serum-free media
C 6 G lio m a  w e re  p la te d  a t 1 x  104 ce lls /cm 2 on  s te rile  c o v e rs lip s  in  h ig h  
g lu co se  D M E M , 1% P /S , 10%  G ib co  F C S , 3 n g /m L  b F G F  an d  3 [ig /m L  h ep a rin  and  
g ro w n  fo r  48  h  to  8 0 %  c o n f lu e n c e . G FA P e x p re s s io n  w a s  m o n ito re d  b y  
im m u n o c y to c h em is try  as d esc rib ed  in  sec tio n  2 .2 .11 . C 6 G lio m a  w ere  fo u n d  to  be 
p o s it iv e  fo r  G F A P  (F ig . 3 .2 .5  b ) an d  n e g a tiv e  fo r  co n tro ls  w ith o u t p rim a ry  a n ti­
se ru m  (F ig . 3 .2 .5  a). F o r  c o -cu ltu re  s tu d ie s , as  d e sc rib ed  in  se c tio n  2 .2 .7 , it  w as 
n e c e s sa ry  to  cu ltu re  C 6  G lio m a  fo r  24  h  in  se ru m -free  m ed ia . T h e re fo re , it  w as  
n e c essa ry  to  a ssess  C 6  G lio m a  v iab ility  in  se ru m -free  m ed ia . C 6  G lio m a  ce lls  w ere  
p la te d  a t 1 x  104 ce lls /cm 2 in  6 -w e ll p la te s  an d  a llo w ed  to  ad h e re  o v e rn ig h t. C ells  
w e re  su b seq u e n tly  w a sh e d  in  H B S S  an d  2 m L  o f  e ith e r se ru m -co n ta in in g  o r se ru m ­
fre e  w a s  a d d e d  to  e a c h  w e ll. A f te r  2 4  h  ce lls  w e re  a sse sse d  b y  p h a se -c o n tra s t  
m ic ro sc o p y  fo r ce ll m o rp h o lo g y  a n d  v iab ility . C e lls  g ro w n  in  se ru m -c o n ta in in g  
m e d ia  d isp la y e d  ty p ic a l C 6  g lio m a  fib ro b la s t- lik e  m o rp h o lo g y  (F ig . 3 .2 .5  c). T he 
ce lls  g ro w n  in  se ru m -free  m e d ia  d isp lay ed  a  slig h tly  e lo n g a ted  m o rp h o lo g y  a f te r  24 
h  (F ig . 3 .2 .5  d ), b u t m a in ta in e d  g o o d  ce ll v iab ility  an d  p ro life ra tio n  fo r  u p  to  fiv e  
d ay s in  se ru m -free  m e d ia  (d a ta  n o t show n).
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Fig. 3.2.5: Characterization of C6 Glioma: C 6 G lio m a w ere  seed ed  a t 1 x  104
ce lls /cm 2 in  h ig h  g lu co se  D M E M  co n ta in in g  1%  P /S , 10%  G ib co  F C S , 3 n g /m L  
b F G F  a n d  3 [xg/mL H ep arin . E x p re ss io n  o f  a s tro c y te  sp ec if ic  G lia l F ib rilla ry  
A c id ic  P ro te in  (G F A P ) (g re e n )  w a s  m o n ito re d  u s in g  s ta n d a rd  f lu o re s c e n t  
m ic ro sco p y  (b, lOOOx). C o n tro l ce lls  in cu b a ted  w ith o u t p rim ary  an ti-se ru m  show  
n o  f lu o re sc e n c e  (a , lOOOx). C e ll p ro life ra tio n , m o rp h o lo g y  a n d  v ia b ility  in  
se ru m -co n ta in in g  (c) an d  se ru m -free  m ed ia  (d) w ere  m o n ito red  b y  p h ase  co n tra s t 
m ic ro sco p y  (400x).
3 .3  D is c u s s io n
In  o rd e r  to  s tu d y  B B B  p e rm e a b il i ty  a n d  th e  e tio lo g y  o f  t ig h t  ju n c t io n  
fo rm a tio n  an d  re g u la tio n , it is n ec e ssa ry  to  d ev e lo p  a  ce ll-b ased  m o d e l o f  th e  B B B . 
A s  th e  b a rr ie r  fu n c tio n  o f  the  B B B  can  b e  co m p le te ly  a ttr ib u te d  to  th e  en d o th e lia l 
c e lls , it s tan d s  to  re a so n  th a t th e se  ce lls  a re  th e  m o s t e sse n tia l co m p o n e n t o f  any  
B B B  m o d e l. P rim ary  cu ltu re d  b ra in  m ic ro v a sc u la r  en d o th e lia l ce lls  re ta in  som e o f  
th e ir  in  v iv o  c h a ra c te r is tic s , b u t lo se  B B B  sp e c if ic  m ark e rs  su ch  as y g lu ta m y l  
tra n sp e p tid a se  (y -G T P ) an d  a lk a lin e  p h o sp h a ta se  (A L P ) w ith in  a  fe w  d ay s  o f  th e ir 
iso la tio n  (M eresse  e t al. 1989; M isch ec k  e t al. 1989; F u k u sh im a  e t al. 1990; M ey e r 
e t  al. 1990 ; M iz u g u c h i e t  al. 1994). M o re o v e r, w ith  ra ts  y ie ld in g  b e tw e e n  1-2 
m illio n  ce lls  p e r  b ra in  (M izu g u ch i e t al. 1997), m an y  an im als  m u s t b e  sac rificed  in  
o rd e r  to  p ro d u c e  q u a n titie s  o f  c e lls  ad e q u a te  fo r  e x ten s iv e  e x p e rim e n ta tio n , th u s  
ra is in g  b o th  e th ica l is su es  an d  b a tc h - to -b a tc h  v a ria tio n s  w ith in  th e  ce lls . F o r th is  
re a s o n , it is  o f te n  a d v e n ti t io u s  to  u se  a  c o n tin u o u s  c e ll  lin e  fo r  e x p e r im e n ta l  
p ro c e d u re s , th u s  e lim in a tin g  d is s im ila r itie s  b e tw e en  b a tch e s  o f  ce lls  an d  re d u c in g  
th e  e th ica l is su es  a sso c ia te d  u sag e  o f  a n im a l ce lls . H o w ev er, co n tin u o u s  p a ssag in g  
o f  b ra in  en d o th e lia l ce lls  can  lead  to  th e ir  d e -d iffe ren tia tio n  and  lo ss o f  B B B  spec ific  
p h e n o ty p e . F o r  ex am p le , T E E R  o f  th e  B B B  in  v ivo , is  ty p ic a lly  in  th e  re g io n  o f  
1000 -  2 0 0 0  Q .c m 2 (B u tt 1995), b u t w h e n  iso la te d  an d  g ro w n  in  v itro  m ay  d ro p  as 
lo w  as 10 Q .c m 2 (B u tt e t  al. 1990). T h e re fo re , it is e ssen tia l to  m a in ta in  ce lls  u n d er 
o p tim u m  c u ltu re  c o n d it io n s  to  m in im iz e  d e -d if fe re n tia t io n  a n d  r e ta in  B B B  
ch a rac te ris tic s  in  vitro.
A s  B B M v E C s  a re  ro u tin e ly  g ro w n  in  a  v a r ie ty  o f  m e d ia  (A u d u s  a n d  B o rc h a rd t 
1987; P ra sa d a ra o  e t al. 1999; Z h an g  e t al. 2000 ; Z y sk  e t al. 20 0 1 ), i t  w as  n ecessa ry  
to  e s ta b l is h  th e  o p tim u m  b a sa l m e d ia  an d  se ru m  re q u ire d  fo r  g ro w th  o f  th e  
B B M v E C  c o n tin u o u s  c e ll  lin e  p u rc h a s e d  fro m  C e ll A p p lic a tio n s , In c .. In itia l 
in v es tig a tio n  rev ea led  th a t the B B M v E C s g ro w n  in  h ig h  g lu co se  D M E M , co n ta in in g  
10%  (v /v ) G ib co  F C S , m o s t c lo se ly  re fle c ted , b u t w as n o t the  sam e as, th e  g ro w th  
ra te , m o rp h o lo g y  a n d  v ia b ility  o b se rv e d  in  B B M v E C s g ro w n  in  C e ll A p p lic a tio n s
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m ed ia . F u rth e rm o re , ce lls  g ro w n  in  th e  p re se n c e  o f  S ig m a  F C S  had  a  lo w er ra te  o f  
a d h e ren c e , f la tte n in g  an d  p ro life ra tio n . F u r th e r  s tu d ies  in v es tig a tin g  th e  e ffec t o f  
b F G F  re v e a le d  th a t a  co n c e n tra tio n  o f  3 n g /m L  w a s  o p tim u m  fo r  ce ll g ro w th  and  
v iab ility , b u t th a t  the  ad d itio n  o f  3 jig /m L  h e p a rin  re su lted  in  a  cu ltu re  m ed ia , w h ich  
in d u ced  th e  sam e B B M v E C  ra te  o f  p ro life ra tio n , v ia b ility  an d  m o rp h o lo g y  as C ell 
A p p lic a tio n s  m ed ia . Im m u n o cy to ch e m ic a l a n a ly s is  in d ica ted  th a t th e  B B M v E C s 
re ta in e d  th e ir  e n d o th e lia l  c h a ra c te r is t ic s  w h e n  g ro w n  in  o u r in -h o u se  m e d ia  as 
sh o w n  by  an ti-V o n -W illeb ran d  F ac to r V III an tig en  stain ing .
T he co -c u ltu re  ex p e rim en ta l p a rad ig m  o u tlin e d  in  sec tio n  2 .2 .7  re q u ire s  firs tly  th a t 
b o th  C 6 g lio m a  a n d  B B M v E C  be c u ltu re d  in  the  sam e g ro w th  m e d ia  an d  seco n d ly  
th a t th e  C 6  g lio m a  co u ld  b e  cu ltu red  in  se ru m -free  m e d ia  fo r 24  h. T h ere fo re , it w as 
n ecessa ry  to  en su re  th a t th e  C 6 g lio m a  re ta in e d  th e ir  v iab ility  and  c h a rac te ris tic s  in  
th e  i n - h o u s e  m e d ia  in  b o th  th e  p r e s e n c e  a n d  a b s e n c e  o f  s e ru m . 
Im m u n o c y to c h e m ic a l an a ly s is  co n f irm e d  th a t C 6 g lio m a  ex p re ss  G FA P fo llo w in g  
g ro w th  an d  p a ssa g in g  in  o u r in -h o u se  m e d ia  a n d  th a t th e  C 6 g lio m a  co n tin u e d  to  
p ro life ra te  in  se ru m -free  m e d ia  fo r u p  to  5 days.
In  c o n c lu s io n , th ese  o b se rv a tio n s  in d ic a te  th a t th e  B B M v E C s a re  sen s itiv e  to  the  
ty p e  o f  b asa l m ed iu m  an d  se ru m  th ey  are  g ro w n  in  an d  th a t b o th  b F G F  an d  h ep a rin  
are re q u ire d  fo r  su s ta in ed  B B M v E C  p ro life ra tio n  and  v iab ility . F u rth e rm o re , th ese  
fin d in g s  sh o w  th a t C 6  g lio m a  can  b e  su s ta in ed  in  b o th  se ru m -co n ta in in g  an d  se ru m ­
free m ed ia . T h is  in fo rm a tio n  p ro v id e d  th e  b asa l co m p o n en ts  re q u ired  fo r o u r B B B  
m odel.
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C h a p t e r  4
E x a m i n a t i o n  o f  t h e  p o l a r - s p e c i f i c  
e f f e c t  o f  s e r u m  o n  e n d o t h e l i a l  t i g h t  
j u n c t i o n  f o r m a t i o n  a n d  b a r r i e r
f u n c t i o n .
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4 .1  I n tr o d u c t io n
T h e  B B B  ac ts  as a  se le c tiv e  b a r r ie r  p re v e n tin g  b lo o d -b o rn e  so lu te s  fro m  
e n te r in g  th e  b ra in  ISF , w h ere  th ey  c a n  ac t as n e u ro tran sm itte rs  an d  d is ru p t n o rm al 
n e u ro n a l fu n c tio n . T h e  B B B  is fo rm e d  b y  b ra in  m ic ro v a sc u la r  e n d o th e lia l ce lls , 
w h ic h  lin e  c e re b ra l c a p il la r ie s , an d  a re  se a le d  b y  t ig h t  ju n c tio n s . T h e se  t ig h t 
ju n c tio n s  fo rm  co n tin u o u s  co n tac ts  b e tw e en  ad jac en t en d o th e lia l ce lls , th u s  sea lin g  
th e  in te rc e llu la r  sp ace  an d  p re v en tin g  p a ra c e llu la r  f lu x  fro m  th e  b lo o d  to  th e  b ra in  
(B a id a  an d  M a tte r  1998 ; R u b in  a n d  S ta d d o n  1999). M o re o v e r, t ig h t ju n c tio n s  
fu n c tio n  in  m a in ta in in g  ce ll p o la rity  b y  p rev en tin g  th e  la te ra l ( ffu sion  o f  m em b ran e  
p ro te in s  an d  lip id s  (C iti 1993; C ere ijid o  e t al. 1998; M ad a ra  1998). T h e re fo re , due 
to  th e  ac tio n  o f  the  B B B , th e  IS F  is d ev o id  o f  se ru m  p ro te in s .
A lte re d  fu n c tio n  a n d /o r in teg rity  o f  th e  B B B  is a sso c ia te d  w ith  a  v a rie ty  o f  d isease  
s ta te s  in c lu d in g  m u ltip le  s c le ro s is , m e n in g itis , e n c e p h a lit is ,  is c h a e m ic  s tro k e , 
P a rk in s o n ’s d ise a se , A lz h e im e r ’s d is e a se  an d  A ID S  re la te d  d e m e n tia  (P M L  - 
p ro g ress iv e  m u ltifo c a l leu k o en cep h a lo p a th y ) (T unkel an d  S cheld  1993; M attila  e t al. 
1994 ; W illia m s  e t al. 1994 ; P o la n d  e t al. 1995). M o re o v er, re c e n t s tu d ie s  h av e  
sh o w n  th a t  se ru m  p re v e n ts  n e w  b a rr ie r  fo rm a tio n  and  d is ru p ts  p re v io u s ly  fo rm ed  
b a rr ie rs , as  a s se sse d  b y  T E E R , in  a  h ig h ly  p o la r-sp e c if ic  m an n e r (H o h e ise l e t al. 
1 9 9 8 ; N itz  e t al. 2 0 0 3 ). T h a t is , se ru m  c o n ta c tin g  e n d o th e lia l  c e lls  f ro m  th e  
b a so la te ra l a sp ec t re d u c e d  m o n o lay e r e lec trica l re s is tan ce , in d ica tiv e  o f  lo ss o f  tig h t 
ju n c t io n s ,  w h ils t  a p ic a l ly  a p p lie d  s e ru m  h a d  n o  s u c h  e ffec t. H o w e v e r, th e  
m e c h a n ism s  b y  w h ic h  se ru m  d is ru p ts  b a rrie rs , an d  th e  b io c h e m ic a l e v e n ts  w h ich  
tak e  p lace , are p o o rly  u n d ers to o d .
Therefore, the aim o f this chapter was to investigate the polar-specific effects o f  
serum on tight junction formation and barrier function in BBMvECs and to 
elucidate the underlying biochemical processes with respect to occludin and ZO-1 
expression, association and subcellular localization.
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4.2 Results
4.2.1 Apically applied serum-dependent subcellular localization of occludin
and ZO-1 in BBMvECs
Follow ing  24 h culture o f  B B M vE C s  in the presence or absence o f  apical 
serum, subcellular localization o f  occludin and ZO -1  w ith in  B B M v E C  monolayers 
was m onitored by immunocytochem istry as described in  section 2.2.11. In  the 
B B M v E C  m onolayer w ith  apical serum, occludin was found solely in the cytoplasm  
(F ig . 4.2.1 a). Follow ing removal o f  serum from  the apical compartment, there was 
no significant difference in subcellular localization o f  occludin (F ig . 4.2.1 c). 
Moreover, in monolayers w ith  apical serum present, Z O -1  im m unoreactivity was 
discontinuous, w ith  jagged finger-like projections at the cell membrane (Fig. 4.2.1 b) 
and again, no significant difference in  ZO -1  subcellular localization was seen 
fo llow ing the removal o f  apical serum for 24 h (Fig. 4.2.1 d).
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Fig. 4.2.1: Effect of apically applied serum on Occludin and ZO-1
Subcellular Localization. F o llo w in g  24 h incubation o f  fu lly  confluent 
B B M v E C  in  the absence or presence o f  serum on the apical side o f  the 
endothelial cells, subcellular localization o f  occludin and ZO -1  was monitored by 
immunocytochemistry. Occludin protein (green a and c), ZO -1  protein (green b 
and d, clearly visible in a disjointed pattern at cell-cell borders) and nuclear D A P I 
staining (blue a-d) w ere m onitored using standard fluorescent microscopy 
(lOOOx).
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4.2.2 Basolaterally applied serum-dependent expression of occludin in 
BBMvECs
F o llo w in g  24 h culture o f  B B M v E C s  in  the presence or absence o f  
basolateral serum, occludin protein expression was monitored by IP/W estern blot as 
described in  sections 2 .2 .16  and 2.4 respectively, and m R N A  expression by R eal­
tim e P C R  as described in  section 2.3.4. Follow ing 24 h culture o f  B B M v E C  without 
basolateral serum (SF), occludin protein expression increased by 1.9 ±  0.2 fold (Fig.
4.2.2 a) concomitant w ith  a 1.7 ±  0.2 fo ld  increase in  occludin m R N A  (Fig. 4.2.2 b).
4.2.3 Basolaterally applied serum-dependent expression of ZO-1 in BBMvECs
F o llo w in g  24 h culture o f  B B M v E C s  in  the presence or absence o f  
basolateral serum, ZO -1  protein expression was m onitored by Western blot as 
described in sections 2 .2 .16  and 2 .4  respectively, and m R N A  expression by R eal­
tim e P C R  as described in  section 2.3.4. Follow ing 24 h culture o f  B B M v E C  without 
basolateral serum (SF), ZO -1 protein expression increased significantly by 1.8 ±  0.2 
fo ld  (F ig . 4.2.3 a), which was accompanied by a small but significant increase in  
ZO -1  m R N A  (1 .2  ±  0.1 fold, Fig. 4.2.3 b).
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Fig. 4.2.2: Effect of basolateral serum on occludin expression in BBMvECs.
Confluent B B M v E C  monolayers in Transwell inserts were incubated for 24 h 
w ith  either serum-containing (F C S ) or serum-free (SF) basolateral m edia and 
m onitored for Occludin protein expression (a) by immunoprecipitation/W estem  
blot and for m R N A  (b) by R eal-T im e PCR. Histograms represent fo ld  change in  
product form ation  re la tive  to control (F C S ) and are averaged from  three  
independent experiments (a) or seven independent experiments (b ) ±  S E M . 
*P < 0 .0 5  relative to FCS.
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Basolateral Conditions
Fig. 4.2.3: Effect of basolateral serum on ZO-1 expression in BBMvECs.
Confluent B B M v E C  monolayers in  Transwell inserts were incubated for 24 h 
w ith  either serum-containing (F C S ) or serum-free (S F ) basolateral m edia and 
monitored fo r Occludin protein expression (a) by Western blot and for m K N A  (b) 
by R eal-T im e PCR. Histograms represent fo ld  change in  product form ation  
relative to control (FC S ) and are averaged from  three independent experiments 
(a) or seven independent experiments (b) ±  SEM . *P <0 .05  relative to FCS.
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4.2.4 Basolaterally applied serum-dependent association of occludin/ZO-1
F o llo w in g  24 h culture o f  B B M v E C s  in the presence or absence o f  
basolateral serum, association o f  occludin w ith  Z O -1  was m onitored in total 
B B M v E C  lysates by IP  as described in  section 2.2.16. In  response to the removal o f  
basolateral serum, the level o f  occludin detected in anti-ZO -1 immunoprecipitates 
was seen to increase by 2.4 ±  0.3 fold (Fig. 4.2.4).
4.2.5 Basolaterally applied serum-dependent subcellular localization of
occludin and ZO-1
F o llo w in g  24 h culture o f  B B M v E C s  in  the presence or absence o f  
basolateral serum, subcellular localization o f  occludin and ZO -1  w ith in  B B M v E C  
monolayers was monitored by immunocytochemistry as described in section 2.2.11. 
In  the B B M v E C  monoculture w ith  basolateral serum, occludin was found solely in 
the cytoplasm (Fig. 4.2.5 a), but became significantly more concentrated at the cell 
membrane in response to serum rem oval (F ig . 4.2.5 c). M oreover, w ith  serum in  
both the apical and basolateral media, ZO -1 im m unoreactivity was discontinuous, 
w ith  jagged finger-like projections at cell-cell contacts (F ig . 4 .2 .5 b). However, 
fo llo w in g  rem oval o f  serum from  the basolateral compartment fo r 24  h, ZO -1  
im unoreactiv ity  became sign ifican tly  m ore continuous along the mem brane  
periphery (Fig. 4.2.5 d).
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Basolateral Conditions
Fig. 4.2.4: Effect of basolateral serum on occludin/ZO-1 association in 
BBMvECs. Follow ing 24 h incubation o f  fu lly  confluent B B M v E C  monolayers 
w ith  either serum-containing (FC S ) or serum-free (S F ) basolateral media, co­
association o f  occludin and ZO -1  was m onitored by im m unoprécipitation and 
Western blotting. Histogram  represents fold change in  band intensity relative to 
serum -contain ing control (F C S ) and is averaged from  six independent 
experiments ±  S E M . *P<0.05 relative to FCS.
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Fig. 4.2.5: Effect of basolateral serum on occludin and ZO-1 subcellular 
localization in BBMvECs. Fo llow ing  24 h incubation o f  fu lly  confluent 
B B M v E C  monolayers, w ith  either serum-containing or serum-free basolateral 
m edia, subcellu lar lo ca lization  o f  occludin and Z O -1  was m onitored by 
immunocytochemistry. Occludin protein (green a and c), ZO -1  protein (b and d) 
and nuclear D A P I staining (blue b and d) were m onitored using standard 
fluorescent m icroscopy (lOOOx). W h ite  arrows indicate ce ll-ce ll border 
localization. Im ages are representative o f  at least three ind iv idual sets of 
experiments.
81
4.2.6 Basolaterally applied serum-dependent transendothelial permeability of 
BBMvECs to 14C-sucrose
Transendothelial perm eability o f  14C-sucrose was assessed in fu lly  confluent 
monolayers o f  B B M vE C s  and cells were subsequently treated w ith  either serum- 
containing or serum-free basolateral m edia for 24 h as described in section 2.2.7. 
Perm eability was re-assessed after 24 h and expressed as a percentage o f the 14C- 
sucrose concentration in  the apical com partm ent at t=0  (see section 2.2 .13 for 
details). In  m onolayers w ith  both apical and basolateral serum (open circles), 
perm eability at t= 60  was 10.5 ±  0.6 % T E E . Removal o f basolateral serum (shaded 
squares) significantly decreased perm eability to 8.2 ±  0.8 % TE E  (Fig. 4.2.6).
4.2.7 Basolaterally applied serum-dependent transendothelial electrical 
resistance (TEER) of BBMvECs
T E E R  o f  B B M v E C  monolayers was assessed at confluence as described in 
section 2.2 .12 and cells were subsequently treated w ith  either serum-containing or 
serum-free basolateral m edia for 24 h as described in  section 2 .2.7. A fte r 24 h, 
T E E R  was reassessed. The T E E R  for the monolayer w ith  basolateral serum (FC S) 
was set to 100%  and the T E E R  o f the m onolayer w ithout basolateral serum (SF) 
expressed relative to this. Rem oval o f  serum from  the basolateral compartment for 
24 h significantly increased T E E R  to 142 ±  6 .3%  (Fig. 4.2.7).
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Fig. 4.2.6: Effect of basolateral serum on BBMvEC transendothelial
permeability. P rior to and fo llo w in g  24  h incubation o f  fu lly  confluent 
B B M v E C  monolayers, w ith  either serum-containing (FC S) or serum-free (SF) 
basolateral media, B B M vE C s were m onitored for perm eability to I4C-sucrose. 
D ata  points are expressed as a percentage o f  the in itia l concentration o f  d e ­
sueróse in  the apical chamber at t=0. Results are averaged from  three individual 
experiments ± S E M . P<0.0005 (Tw o-W ay A N O V A , FCS versus SF).
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Basolateral Conditions
Fig. 4.2.7: Effect of basolateral serum on BBMvEC transendothelial
electrical resistance. Prior to and fo llow ing 24  h incubation o f  fu lly  confluent 
B B M v E C  monolayers, w ith  either serum-containing (FC S ) or serum-free (SF) 
basolateral media, T E E R  was assessed. T E E R  o f  the B B M v E C  monolayer after 
24 h w ith  serum in the basolateral compartment (FC S) was set to 100%  and the 
T E E R  o f the m onolayer without basolateral serum (SF) expressed relative to this. 
Histogram  represents percentage change in  T E E R  and is averaged from  five  
independent experiments ± S E M . *P < 0 .05  relative to FCS.
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4.3 Discussion
In  continuous cell culture, serum is frequently used to prom ote cell 
proliferation, however proliferation and cell differentiation are often opposing cell 
fate decisions. Moreover, the majority o f  in vitro B B B  models use serum-containing 
m edia on both the apical and basolateral sides, w hich is contrary to the in-vivo 
situation where the IS F  bathing the basolateral side o f  the ECs is void o f  serum. 
Previous publications have shown that serum can low er T E E R  and increase 
paracellular perm eability (Hoheisel et al. 1998; N itz  et al. 2003; Lohm ann et al. 
2004), however the mechanisms by which this occurs are poorly understood. This 
study sought to elucidate the effects o f  serum on the biochemical etiology o f  tight 
junction formation and barrier function w ith  specific emphasis on occludin and Z O -  
1, two pivotal tight junction  proteins and to examine i f  these effects are polar- 
specific.
In it ia l observations revealed  that rem oval o f  serum from  the basolateral 
compartment o f  Transwell plates significantly increased T E E R , sim ilar to findings 
by N itz  et al, and significantly lowered transendothelial perm eability in B B M vE C s. 
We then sought to further elucidate the subcellular biochemical events responsible 
for the increase in barrier functionality (N itz  et al. 2003). These findings show that 
rem oval o f  basolateral serum from  the B B M v E C  m onolayer leads to increased 
occludin and Z O -1 protein and m R N A  expression. Sim ilar to findings by Collins et 
al., the increase in ZO -1  m R N A  was significantly lower than the observed increase 
in protein expression, thus indicating a role for post-translational m odification o f  the 
Z O -1  protein, inducing stabilization and reducing the levels o f  protein turnover 
w ith in  the cell (C o llins  et al. 2 006 ) or potentially a role fo r increased m R N A  
stability thus facilita ting  increased protein production. Furthermore, rem oval o f  
basolateral serum for 24 h led to a significant increase in the association o f  
o cclud in /ZO -1 . We therefore postulate a putative role fo r co-association o f  
o cc lu d in /Z O -1 inducing stabilization o f  the protein complex, thus leading to an 
apparent increase in protein expression caused by decreased protein degradation.
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Further studies em ploying pulse-chase technique to monitor new protein synthesis 
w ould aid in clarifying the processes involved. Also, it is possible that any increase 
in ZO -1  m R N A  occurs before the 24 h time-point, therefore a time-course measuring 
m R N A  production, ranging from  0 -  24 h, would help to defin itively clarify i f  the 
observed increase in Z O -1  protein expression is in fact due to increased m R N A  
synthesis or indeed to a yet unidentified post-translational modification.
Im m unocytochem ical analysis revealed that ZO -1  localization in monolayers w ith  
serum in  both the apical and basolateral compartments was characterized by the 
presence o f  extrusions and invaginations typical o f  leaky junctions. Follow ing the 
rem oval o f serum from  the basolateral compartment, a profound redistribution o f  
Z O -1  was observed, from  discontinuous finger-like projections to a smooth and 
continuous localization at points o f  cell-cell contact. In  addition, occludin staining, 
w hich is localized m ainly in  the cytoplasm when both apical and basolateral serum 
are present, re-localized to the membrane periphery upon removal o f  basolateral 
serum. The increased co-localization o f both occludin and ZO -1  to the membrane 
periphery, in  conjunction w ith  the increased co-association o f the two is indicative o f  
functional tigh t junctions. M oreover, rem oval o f  serum from  the apical 
compartment alone caused no redistribution o f  either occludin or Z O -1 , and led to 
reduced v iab ility  o f  the cells as assessed by phase-contrast microscopy (data not 
shown). These data indicate a robust role for serum in modulating B B M v E C  tight 
junction formation and function in  a highly polar-specific manner.
The effects o f  serum on barrier function and tight junction  form ation in  both  
endothelial and epithelial cells are shown to be exerted in  a highly polar-specific 
m anner either from  the apical or basolateral aspect depending on cell phenotype 
(M arm o rste in  et al. 1992; Chang et al. 1997; N itz  et al. 2003). M oreover, the 
preference for one cell surface over the other indicates a role for specific membrane­
standing receptors in modulating the effect o f  serum on barrier function. Thus, it 
appears that the polar-specific effect o f  serum is dependent on cell physiology and 
phenotype. Furthermore, serum, although w idely  used in  cell culture, remains
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largely undefined, containing plasma proteins, hormones, growth factors and fatty  
acids among others, w hich induce a variety o f  cell fate decisions ranging from  
proliferation, to angiogenesis, to differentiation.
Vascular endothelial growth factor (V E G F ) is a heat-stable cytokine found in  serum, 
w hich is known to induce endothelial cell proliferation, angiogenesis, perm eability  
and m otility  (Ferrara et al. 1991; Houck et al. 1992) and is essential for the growth  
and survival o f endothelial cells in vivo. V E G F  is ubiquitously expressed by most 
cell types, but not endothelial cells. However, endothelial cells are the sole target for 
V E G F  activity. O rig inally identified in 1983 as vascular permeability factor (Senger 
et al. 1983), a large fam ily  o f  V E G F  splice variants and receptors have now been 
identified. The most w idely  studied form , V E G F -A 165 (hereafter termed V E G F ) is 
the most predom inant form , containing a heparin-binding dom ain involved in  
anchoring to the extracellular m atrix and presentation to V E G F  receptors. There are 
three receptors in the V E G F  fam ily, know n as V E G F -R 1 , -R 2  and -R 3 ,  w hich  
contain tyrosine kinase activity and m ultiple Ig G -like  domains (Shibuya et al. 1999). 
V E G F -R 1  and V E G F -R 2  both bind V E G F, however V E G F-R 1 is o f a higher affinity  
than V E G F -R 2  (W altenberger et al. 1994), and is p rim arily  associated w ith  
endothelial m obility and perm eability (Seetharam et al. 1995; N eufeld  et al. 1999; 
Shibuya et al. 1999). V E G F -R 2  on the other hand is implicated in cell proliferation  
(M illau er et al. 1993; Waltenberger et al. 1994). Previous studies by Nitz et al. have 
demonstrated the ability  o f  V E G F  to decrease barrier function o f prim ary porcine 
brain capillary endothelial cells and that this effect is seen only when V E G F  is added 
to the basolateral compartment (N itz  et al. 2003). We, therefore, postulate that 
V E G F  m ay be one serum com ponent responsible fo r increasing B B M v E C  
permeability. These data suggest that i f  the increased perm eability caused by the 
presence o f  basolateral serum is due to the action o f  V E G F , that there is polar- 
specifc expression o f  V E G F  receptors in B B M vE C s. That is, that the V E G F -R 2  
may be expressed prim arily  on the apical cell surface, and the V E G F -R 1  receptor 
(p rim arily  associated w ith  m obility  and perm eability) on the basolateral surface. 
Thus, in this transwell m odel, w ith  apical serum-rich and basolateral serum-free
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media, V E G F  contained in serum could stimulate cell proliferation v ia  the apical 
V E G F -R 2 , w ithout activation o f the basolateral V E G F -R 1 , w hich w ould  cause 
increased permeability. Further investigations using V E G F  antagonists to block 
receptors, in  conjunction w ith  confocal im m unocytochem istry distinguishing  
between the two receptors is required for clarification.
Lysophosphatidic acid (LP A ) is another serum factor, w hich has been shown to 
increase endothelial perm eability (Schulze et al. 1997; N itz  et al. 2003). Produced 
by activated platelets, fibroblasts and several carcinomas, LPA is found in serum as 
an am phiphilic molecule bound to album in and gelsolin (T igy i and M ile d i 1992; 
G oetzl et al. 2000). Studies by N itz et al. have shown that purified  LPA, in  its 
unbound form , disrupts endothelial barriers but does not display any polar 
specificity. In  contrarst to these findings, the ability o f  serum to weaken endothelial 
barriers has been shown to be highly polar-specific, thus indicating that either LPA  is 
not the component responsible for serum-induced barrier breakdown, or that in  its 
native form , i.e. bound to albumin, it is unable to interact w ith apical receptors, but 
may bind to basolateral receptors. Future w ork  investigating the effect o f  purified  
and bound LP A  on tight junction form ation and barrier function are required to 
elucidate i f  LPA  is one serum component responsible for the polar-specific serum- 
induced barrier breakdown in B B M vEC s.
In  summary, this w o rk  describes the role o f  serum in  endothelial tight junction  
regulation. These data clearly indicate that removal o f basolateral serum modulates 
the expression, association and localization o f  occludin and ZO -1 , which are integral 
tigh t ju n ctio n  proteins. Furtherm ore, these subcellular events correlate w ith  
increased electrical resistance and decreased paracellular flux  across the B B M v E C  
monolayer. Further studies are required to explicate both the serum components and 
the exact mechanisms by w hich these events occur. This inform ation m ay be 
invaluable in  the developm ent o f  a superior in vitro B B B  m odel and greatly  
enhances our overall understanding o f  how  serum factors regulate m icrovascular 
endothelial barrier formation and function.
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C h a p t e r  5
I n v e s t i g a t i o n  o f  t h e  r o l e  o f  C 6  g l i o m a  
i n  r e g u l a t i n g  B B M v E C  o c c l u d i n  a n d  
Z O - 1  a n d  t h e  e f f e c t  o f  c o - c u l t u r e  o n  
B B M v E C  p e r m e a b i l i t y .
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5.1 Introduction
The blood-brain barrier (B B B ) is a selective barrier, w hich functions to 
maintain homeostasis o f  the central nervous system (C N S ) by preventing potentially 
harm ful blood-borne solutes entering the brain microenvironment. The endothelial 
cells comprising the B B B  exhibit many specialized properties including extremely 
low  perm eability, high transendothelial electrical resistance (T E E R ) (Crone and 
Olesen 1982; Butt et al. 1990; Jones et al. 1992) and low  occurrence o f pinocytotic 
vessels. Adjacent endothelial cells are bound by three types o f intercellular contacts, 
nam ely desmosomes, adherens junctions and tight junctions, w ith  barrier function  
solely attributed to the tight junction (Anderson and Van Ita llie  1995).
A lthough the barrier function o f  the B B B  is attributed solely to endothelial cells, 
astrocytes, w hich encircle the basolateral aspect o f  the endothelium  have been 
implicated in the up-regulation o f B B B  function both in vitro (Jeliazkova-Mecheva  
and B obilya 2003; Gee and K eller 2005) and in vivo (Saunders et al. 1991), albeit 
via poorly understood mechanisms. As discussed previously in chapter 4, exposure 
o f  the basolateral surface o f  the endothelium  to serum inhibits tight junction  
form ation and increases paracellular permeability. Collectively, these observations 
have led us to hypothesize that basolateral endothelial conditions directly modulate 
endothelial barrier function by altering the expression and assembly o f  apical tight 
junction components.
Thus, the aim o f  this chapter is to investigate the role o f  non-contacting co-culture 
with C6 glioma on BBM vEC tight junction form ation and barrier function in 
basolaterally serum -containing or serum -free environment, with particular  
emphasis on the tight junction proteins occludin and ZO-1. That is, BBMvECs 
grown on transwell inserts are co-cultured with C6 glioma grown on the plate  
bottom in either the presence or absence o f  basolateral serum (see fig . 2.2.7.1) and 
are monitored fo r  changes in tight junction formation and function.
90
5.2 Results
5.2.1 C6 Glioma astrocyte-conditioned media- and serum-dependent 
subcellular localization of occludin in BBMvECs
Fo llow ing  24 h incubation o f  B B M v E C s  w ith  C 6 A C M  ±  serum in  the apical 
compartment, subcellular localization o f occludin w ith in  B B M v E C  monolayers was 
monitored by immunocytochemistry as described in section 2.2.11. In  the B B M v E C  
m onolayer w ith apical serum, occludin was found solely in the cytoplasm (Fig. 5.2.1 
a). Follow ing removal o f  serum, there was no significant difference in  subcellular 
localization o f  occludin (F ig . 5.2.1 c). M oreover, monolayers incubated in  the 
presence o f C 6 A C M , either w ith  or w ithout serum, showed no significant difference 
in occludin subcellular localization (Fig. 5.2.1 b and d, respectively).
5.2.2 C6 Glioma astrocyte conditioned media- and serum-dependent 
subcellular localization of ZO-1 in BBMvECs
F o llo w in g  24 h incubation o f  B B M v E C s  w ith  C 6 A C M  ±  serum in the apical 
compartment, subcellular localization o f  Z O -1  w ith in  B B M v E C  monolayers was 
monitored by immunocytochemistry as described in section 2.2.11. In  the B B M v E C  
m onolayer w ith  apical serum, Z O -1  distribution at the cellu lar membrane was 
discontinuous w ith  long finger like  projections (F ig . 5 .2 .2 a), indicitative o f  weak 
tight junctions. N either removal o f  serum from  the culture media (F ig. 5.2.2 c) nor 
incubation in  C 6 A C M  w ith  or without serum (Fig. 5.2.2 b and d, respectively) led to 
changes in ZO -1  distribution at the cellular membrane.
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Fig. 5.2.1: Effect of apically applied C6 glioma astrocyte-conditioned media 
and serum on occludin subcellular localization. Follow ing 24 h incubation of 
fu lly  confluent B B M v E C  in  the absence or presence o f  C 6 g liom a astrocyte 
conditioned media (C 6 A C M ), and/or serum in the apical compartment, subcellular 
localization  o f  occludin was m onitored by immunocytochemistry. O ccludin  
protein (green a -  d) was m onitored using standard fluorescent microscopy 
(lOOOx).
92
- C6ACM ♦ C6 ACM
. a
FCS
b
c
I
^SF
d
Fig. 5.2.2: Effect of apically applied C6 glioma astrocyte-conditioned media 
and serum on ZO-1 subcellular localization. Follow ing 24 h incubation o f  fu lly  
confluent B B M v E C  in  the absence or presence o f  C6 gliom a astrocyte conditioned 
m edia (C 6 A C M ), and/or serum in the apical compartment, subcellular localization  
o f ZO -1  was monitored by immunocytochemistry. ZO -1  protein (green a -  d) was 
monitored using standard fluorescent microscopy (lOOOx).
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5.2.3 Co-culture- and serum-dependent subcellular localization of occludin in 
BBMvECs
Follow ing co-culture and/or removal o f  serum from the basolateral compartment o f  
fu lly  confluent B B M v E C s  fo r 24 h, subcellular localization o f  occludin w ith in  
B B M v E C  monolayers was m onitored by im m unocytochem istry as described in  
section 2.2.11. In  the B B M v E C  monoculture w ith basolateral serum, occludin was 
found solely in  the cytoplasm  (F ig . 5 .2.3 a), but became significantly  more 
concentrated at the cell membrane in response to serum removal (F ig . 5.2.3 c). Co­
culture w ith  C6 glioma, in the presence o f  basolateral serum, also increased occludin 
localization at points o f cell-cell contact (Fig. 5.2.3 b), however, the combination o f  
C 6 g lio m a w ithout basolateral serum led to the most continuous occludin  
localization at the cell (Fig. 5.2.3 d)
5.2.4 Co-culture- and serum-dependent subcellular localization of ZO-1 in 
BBMvECs
Follow ing co-culture and/or removal o f  serum from the basolateral compartment o f  
fu lly  confluent B B M v E C s  fo r 24 h, subcellular localization  o f  Z O -1  w ith in  
B B M v E C  monolayers was m onitored by im m unocytochem istry as described in  
section 2 .2 .11. W ith  serum in  both the apical and basolateral m edia, ZO -1  
im m unoreactivity was discontinuous, w ith  jagged finger-like projections at cell-cell 
contacts (Fig. 5.2.4 a). However, fo llow ing removal o f  serum from  the basolateral 
compartment, ZO -1  im m unoreactivity became significantly more continuous along 
the membrane periphery (Fig. 5.2.4 c). Co-culture w ith  C6 glioma, in the presence 
o f  basolateral serum, also increased Z O -1 im m unoreactivity at the cell membrane 
(F ig . 5 .2 .4 c), however, the com bination o f  C6 gliom a without basolateral serum 
appears to give the most continuous ZO -1 localization at the cell membrane (Fig.
5.2.4 d).
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Fig. 5.2.3: Effect of co-culture and serum on occludin subcellular
localization in BBMvECs. F o llow ing  24 h incubation o f  fu lly  confluent 
B B M v E C  in either serum-containing or serum-free baso lateral media and/or co­
culture w ith  C 6 gliom a, subcellular localization o f  occludin was monitored by 
immunocytochemistry. O ccludin protein (green a -d )  was m onitored using 
standard fluorescence microscopy (lOOOx). W hite  arrows indicate cell-cell 
border localization. Images are representative o f  at least three individual sets of 
experiments.
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Fig. 5.2.4: Effect of co-culture and serum on ZO-1 subcellular localization 
in BBMvECs. Follow ing 24 h incubation o f  fu lly  confluent B B M v E C  in either 
serum-containing or serum-free basolateral m edia and/or co-culture w ith  C6  
g lio m a ,, s u b c e llu la r  lo c a liz a t io n  o f  Z O -1  w as m o n ito re d  by  
immunocytochemistry. ZO -1  protein (green a -d ) was monitored using standard 
fluorescence microscopy (lOOOx). W h ite  arrows indicate ce ll-ce ll border 
localization. Images are representative o f  at least three ind iv idual sets of 
experiments.
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5.2.5 Co-culture- and serum-dependent expression of occludin in BBMvECs
Rem oval o f  basolateral serum from the B B M v E C  monoculture for 24 h resulted in
1.9 ±  0.2 and 1.6 ±  0.1 fo ld  increases in  occludin protein and m R N A  expression, 
respectively (F ig . 5.2.5 a and b). Co-culture in  the presence o f  basolateral serum  
(C 6 F C S ) increased occludin protein expression by 2.4 ±  0.0 fo ld  (F ig . 5.2.5 a) 
whilst exhibiting no significant effect on occludin m R N A  expression (F ig . 5.2.5 b). 
Moreover, co-culture o f  B B M v E C  and C6 gliom a without basolateral serum (C 6 SF) 
significantly increased both occludin protein and m R N A  expression (2 .9  ±  0.2 and
1.9 ±  0.1 fo ld  respectively) (Fig. 5.2.5 a and lb ).
5.2.6 Co-culture- and serum-dependent expression of ZO-1 in BBMvECs
Rem oval o f  basolateral serum from  the B B M v E C  monoculture for 24 h resulted in
1.6 ±  0 .2  and 1.5 ±  0.1 fo ld  increases in  Z O -1  protein and m R N A  expression, 
respectively (Fig. 5 .2.6 a and b). Co-culture in the presence o f  basolateral serum 
(C 6  FC S) increased ZO -1  protein expression by 2.0 ±  0.1 fo ld (F ig . 5 .2 .6 a) whilst 
exhibiting no significant effect on ZO -1  m R N A  expression (Fig. 5.2.6 b). Moreover, 
co-culture o f  B B M v E C  and C 6 g liom a w ithout basolateral serum (C 6  SF) 
significantly increased both ZO -1 protein and m R N A  expression (1 .7  ±  0.0 and 1.3 ±  
0.2 fold respectively) (Fig. 5.2.6 a and b).
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Fig. 5.2.5: Effect of co-culture and serum on occludin expression in BBMvECs.
Confluent B B M v E C  monolayers in transwell inserts were incubated for 24 h w ith  
either serum-containing (F C S ) or serum-free (S F ) basolateral m edia and/or C6  
glioma, which had been growing on the plate bottom for 24 h. B B M vE C s were then 
monitored for occludin protein expression (a) by immunoprecipitation/W estem blot 
and for m R N A  (b) by R eal-T im e PCR. Histograms represent fo ld  change in product 
form ation relative to control (i.e. FCS - monoculture w ith  serum) and is averaged 
from  three independent experiments ± S E M . *P<;0.05 relative to FCS; § P s 0.05  
relative to C6 FCS; §§ P s 0.05 relative to SF. Gels are representative.
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Fig. 5.2.6: Effect of co-culture and serum on ZO-1 expression in BBMvECs.
Confluent B B M v E C  monolayers in  transwell inserts were incubated fo r 24 h 
w ith  either serum-containing or serum-free basolateral media and/or C 6 glioma, 
w hich  had been growing on the plate bottom for 24 h. B B M vE C s were then  
monitored fo r ZO -1  protein expression (a) by Western blot and for m R N A  (b) by 
R eal-T im e PCR. Histograms represent fo ld  change in  product formation relative  
to control (i.e . FCS - monoculture w ith  serum) and is averaged from  three 
independent experim ents ± S E M . * P s 0 .0 5  re la tive  to FC S . Gels are 
representative.
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5.2.7 Co-culture- and serum-dependent association of occludin/ZO-1
Follow ing co-culture and/or removal o f  serum from the basolateral compartment o f  
fu lly  confluent B B M vE C s  for 24 h, association o f  occludili w ith  ZO -1  was 
monitored in total B B M v E C  lysates by IP as described in section 2 .2 .16 . In  
response to the removal o f serum (SF), the level o f  occludin detected in anti-ZO-1  
immunoprecipitates was seen to increase by 2.2 ±  0.1 fold. Co-culture o f B B M vE C s  
and C6 gliom a, in the presence o f  basolateral serum (C 6 FCS) led to a 3.1 ±  0.2 fold 
increase in occludin/ZO-1 association, and 3.8 ±  0.2 fold increase when basolateral 
serum was removed (C 6 SF) (F ig . 5.2.7).
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Fig. 5.2.7: Effect of co-culture and serum on occludin and ZO-1 association 
in BBMvECs. Follow ing 24 h incubation o f  fu lly  confluent B B M v E C  in either 
serum-containing or serum-free basolaterai m edia and/or co-culture w ith  C6  
glioma, co-association o f  occludin and ZO -1  were monitored by IP  and Western 
blotting. Representative blot is shown above graph. Histogram represents fold  
change in band intensity re lative to serum-containing control (F C S ) and is 
averaged from  three independent experiments ± S E M ; *P<.0.005 relative to FCS; 
§ PsO.Ol relative to C6 FCS; §§ Ps0.005 relative to SF.
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5.2.8 Co-culture- and serum -dependent transendothelial perm eability of 
BBMvECs to 14C-sucrose
Transendothelial perm eability  o f  I4C -sucrose w as assessed in fully confluent 
m onolayers o f  BBM vECs and cells w ere subsequently treated w ith either serum- 
containing or serum -free basolateral m edia and/or co-culture w ith C6 gliom a as 
described in section 2.2.7. Permeability was re-assessed after 24 h and expressed as 
a percentage o f the 14C sucrose concentration in the apical com partment at t=0 (i.e. 
% TEE o f 14C sucrose or % Trans Endothelial Exchange o f  14C sucrose) as described 
in section 2.2.13. In control cells (i.e. m onolayer w ith basolateral serum, FCS) 
perm eability at t=60 w as 11.3 ± 0.3 %TEE. Rem oval o f  basolateral serum (SF) 
significantly decreased perm eability to 9.7 ± 0.2 %TEE, w hilst co-culture w ith C6 
gliom a in the presence o f  basolateral serum  (C6 FCS) also led to a significant 
decrease in perm eability to 10.6 ± 0.3 %TEE. Co-culture w ithout basolateral serum 
(C6 SF) also reduced permeability to 10.0 ± 0.5 % TEE (Fig. 5.2.8).
5.2.9 Co-culture- and serum-dependent transendothelial electrical resistance 
(TEER) of BBMvEC
TEER o f BBM vEC m onolayers was assessed at confluence as described in section 
2.2.12 and cells were subsequently treated w ith either serum -containing or serum ­
free basolateral m edia and/or co-culture w ith C6 gliomas, as described above. The 
TEER for the m onolayer w ithout serum  in the basolateral com partm ent (SF) 
increased significantly to 148 ± 4.6% o f  the control after 24 h. Co-culture in the 
presence o f serum (C6 FCS) resulted in a 128 ± 6.0% increase in TEER, whilst co­
culture w ithout basolateral serum (C6 SF) led to a 160 ± 7.1% increase in TEER 
(Fig. 5.2.9).
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Basolateral Conditions
Fig. 5.2.8: Effect of co-culture and serum on BBMvEC transendothelial 
permeability. Prior to and fo llo w in g  24  h incubation o f  fu lly  confluent 
B B M vE C s in  either serum-containing or serum-free basolateral media and/or co­
culture w ith  C6 g liom a, B B M v E C s  were m onitored for perm eability to d e ­
sueróse. D ata  points shown are expressed as a percentage o f  the in itia l 
concentration o f  14C-sucrose in the apical chamber at t=0. Histogram represents 
percentage change in  basolateral 14C-sucrose concentration at t= 60  and is 
averaged from  three independent experiments ± S E M . *P<,0.05 relative to FCS.
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sBasolateral Conditions
Fig. 5.2.9: Effect of co-culture and serum on BBMvEC transendothelial 
electrical resistance. Prior to and fo llow ing 24 h incubation o f fu lly  confluent 
B B M v E C  in  either serum-containing or serum-free basolateral media and/or co­
culture w ith  C6 glioma, T E E R  was assessed. T E E R  o f B B M v E C  monoculture 
after 24 h w ith  serum in  both the apical and basolateral compartments (FC S ), 
was set to 100%  and the T E E R  o f  the serum-free (SF) and co-cultures w ith  (C6  
F C S ) and w ithout (C 6  SF) basolateral serum expressed re la tive  to this. 
Histogram  represents percentage change in  T E E R  and is averaged from  four 
independent experiments ± S E M ; *P s0 .00 5  relative to FCS; §Ps0.01 relative to 
C 6 FCS.
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5.2.10 Serum-dependent, but not co-culture-dependent, subcellular localization 
of occludin is attenuated by cycloheximide in BBMvECs
Follow ing co-culture and/or removal o f serum from  the basolateral compartment o f  
fu lly  confluent B B M vE C s  in  the absence or presence o f  cyclohexim ide for 24 h, 
subcellular localization o f  occludin w ith in  B B M v E C  monolayers was monitored by 
immunocytochemistry as described in section 2.2.11. The increased localization o f  
occludin to the ce ll m em brane fo llo w in g  rem oval o f  basolateral serum was 
com pletely abolished by the addition o f  cyclohexim ide to the culture m edia (Fig.
5 .2 .10 a-d). The co-culture-dependent increase in  occludin membrane localization  
in the presence o f basolateral serum (Fig. 5.2.10 e) was unaffected by the addition o f  
cycloheximide (Fig. 5.2.10 f). However, the increases in  occludin localization to the 
cell membrane seen fo llow ing co-culture in  the absence o f  basolateral serum (Fig.
5 .2 .10  g) were only partia lly  attenuated by the addition o f  cyclohexim ide (F ig .
5.2.10 h).
105
Cycloheximide + Cycloheximide
a
\
S F
*
c
▼
F C S
- i ------------ ►
e f
Fig. 5.2.10: Effect of cycloheximide on co-culture- and serum-dependent 
subcellular localization of occludin in BBMvECs. Follow ing co-culture and/or 
rem oval o f  serum fro m  the basolateral com partm ent o f  fu lly  confluent 
B B M vE C s in the absence or presence o f  cyclohexim ide for 24 h, subcellular 
localization o f  occludin was monitored by immunocytochemistry. Images b,d,f 
and h indicate the effect o f cyclohexim ide on occludin localization. Occludin  
protein (green a - h )  was monitored using standard fluorescence microscopy 
(lOOOx). W h ite  arrows indicate ce ll-ce ll border localization. Images are 
representative o f  at least three individual sets o f  experiments.
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5.2.11 Serum-dependent, but not co-culture-dependent, subcellular localization 
of ZO-1 is attenuated by cycloheximide in BBMvECs
Follow ing co-culture and/or removal o f  serum from  the basolateral compartment o f  
fu lly  confluent B B M vE C s  in  the absence or presence o f  cyclohexim ide for 24 h, 
subcellular localization o f  ZO -1  w ith in  B B M v E C  monolayers was m onitored by 
immunocytochemistry as described in  section 2.2.11. The continuous localization o f  
Z O -1  at the cell periphery seen fo llo w in g  rem oval o f  basolateral serum was 
significantly reduced by the addition o f  cyclohexim ide to the culture m edia (F ig .
5.2.11 a-d). The increase in  ZO -1  localization observed in  the co-culture model w ith  
basolateral serum (Fig. 5.2.11 e) was not significantly altered fo llow ing the addition  
o f  cyclohexim ide to the culture m edia (F ig . 5.2.11 f). H ow ever, addition o f  
cyclohexim ide to the co-culture m odel w ithout basolateral serum had no apparent 
effect on ZO -1 subcellular localization (Fig. 5.2.11 g and h).
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Fig. 5.2.11: Effect of cycloheximide on co-culture- and serum-dependent 
subcellular localization of ZO-1 in BBMvECs. F o llow ing  co-culture and/or 
rem oval o f  serum from  the basolateral compartment o f  fu lly  confluent B B M vE C s  
in the absence or presence o f  cycloheximide for 24 h, subcellular localization of 
Z O -1  was monitored by immunocytochemistry. Images b ,d ,f and h indicate the 
effect o f  cycloheximide on occludin localization. ZO -1 protein (green a - h )  was 
m onitored using standard fluorescence microscopy (lOOOx). W hite  arrows  
indicate cell-cell border localization. Images are representative o f  at least three 
individual sets o f  experiments.
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5.3 Discussion
Developm ent o f  a reproducible in vitro B B B  m odel, w hich exhibits lo w  
perm eability and high electrical resistance, is essential for increasing our knowledge 
o f  tight junction formation at the molecular level and to understand the physiological 
factors which modulate barrier function. The development o f  such a model would  
enable high throughput screening o f  neurotherapeutic agents and potentially  
elucidate the mechanisms o f  barrier breakdown associated w ith  a variety o f  
neuro log ica l diseases (see chapter 1 fo r  details). Furtherm ore, in vivo  the 
basolateral aspect o f  the cerebral m icrovascular endothelium  is ensheathed by  
astrocyte endfeet and bathed in ISF, w hich is completely devoid o f  serum proteins. 
Thus, in developing a model o f  the B B B , the role o f  these physiological basolateral 
conditions must be addressed.
W e sought to investigate the effect o f  co-culturing C6 gliom a w ith  endothelial cells. 
In itia l co-culture experiments, w ith  C6 glioma in the presence o f  basolateral serum, 
showed no significant change in occludin or ZO -1 m R N A  expression, but did cause 
significant increase in protein expression o f  both. M oreover, association o f  
occ lu d in /Z O -1 increased significantly fo llow ing co-culture w ith  C6 glioma. These 
data indicate that the increase in protein is not at the transcriptional level, but is 
perhaps due to decreased protein degradation and again suggests a putative role in 
the association o f  the tw o proteins leading to post-translational stabilization. 
Im m unocytochem ical analysis revealed that both occludin and ZO -1 became more 
continuous at points o f  cell-to-cell contact under co-culture conditions. In  parallel 
w ith  these biochemical changes, perm eability to 14C-sucrose decreased and T E E R  
increased fo llow ing co-culture. Furthermore, incubation o f  the endothelial cells in 
the presence o f  cycloheximide during co-culture caused no significant change in the 
co-culture-dependent localization  o f  occludin and Z O -1  to the cell membrane. 
These findings, in conjunction w ith  the m R N A  data, indicate that the increase in  
tigh t ju n c tio n  fo rm ation  and barrier function associated w ith  co-culture o f
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BBM vECs w ith C6 gliom a is a result o f  post-translational m odification o f existing 
proteins rather than new  protein synthesis.
In this chapter we observed that rem oval o f  basolateral serum from  the BBM vEC 
m onolayer decreased paracellular perm eability and increased TEER, concom ittant 
w ith an increase in occludin and ZO-1 expression, co-association and localization to 
the m em brane (consistent w ith the findings o f  chapter 4). Futhermore, inhibition o f 
new  pro te in  synthesis by cyclohexim ide abolished the serum  free-dependent 
localization o f both occludin and ZO-1 to the cell periphery, thus indicating that the 
rem oval o f  basolateral serum increases tight junction form ation via de novo protein 
synthesis.
In  view  o f  these findings, we further sought to investigate if  a com bination o f these 
two conditions, i.e. a co-culture o f  BBM vECs and C6 gliom a w ithout basolateral 
serum , w ould have an additive effect in  relation to barrier form ation and function. 
We found that under these conditions, occludin protein and m RN A expression was 
increased significantly, relative to both the serum -free m onoculture and the co­
culture m odel w ith serum. However, ZO-1 protein and m RN A expression was not 
significantly different to either the serum-free monoculture and the co-culture model 
w ith  serum . In  parallel im m unocytochem ical analysis o f  occludin and ZO-1 
localization suggests that the C6 gliom a cause increased expression at cell-cell 
contacts, an observation that w as intensified by rem oval o f  serum. This m odel 
exhibited  significantly increased TEER com pared to the co-culture m odel w ith 
serum, but not to the serum -free m onoculture, w ith a sim ilar trend reflected in 
perm eability to 14C sucrose. In addition, cycloheximide only partially abrogated the 
localization o f occludin and ZO-1 to the cell membrane in the serum-free co-culture 
m odel, thus indicating that the increase in tight junction form ation is partly due to 
new protein synthesis and partly due to modification o f existing protein.
These data indicate that both rem oval o f  serum and the co-culture effects o f  C6 
gliom a increase tight junction formation, but that these effects are not additive w ith
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respect to barrier function. M oreover, the m R N A  and cyclohexim ide data shown 
indicate that removal o f serum and co-culture w ith C6 glioma increase tight junction  
form ation and barrier function via two separate pathways. That is, rem oval o f  serum 
leads to increased tight junction protein synthesis v ia  de novo m R N A  production, 
w hilst co-culture w ith  C6 gliom a leads to post-translational m odification o f already 
existing protein pool.
Furthermore, incubation o f  B B M vE C s w ith  apically applied C6 A C M , in  either the 
presence or absence o f serum, led to no significant change in occludin or ZO -1  
subcellular localization, thus indicating a polar-specific nature o f  the inducing  
properties o f astrocytes on endothelial cell barrier function. Growth factors such as 
the bFG F and TG F-|3 which, are released by astrocytes, bind to endothelial cell 
surface receptors and induce tight junction formation. Thus, the polar-specific effect 
o f C6 gliom a on endothelial tight junction formation may be due to polar-specific 
expression o f  such receptors on the endothelial surfaces. However, further studies 
are required to elucidate which astrocyte-derived factors and associated receptors are 
responsible for induction o f barrier properties in endothelial cells.
This B B B  m odel reflects the in -v ivo  situation, w ith  respect to the absence o f  
basolateral serum and the presence o f  astrocytes. However, even though the co­
culture is assessed visually for v iab ility  in the serum free-media, it is possible that 
the C 6 gliom a enter a quiesced state, and as such released lower levels o f  signaling 
molecules responsible for the induction o f  tight junction form ation, w hich would  
explain w hy the potentially additive barrier effect o f co-culturing in  the absence o f  
basolateral serum was not seen. Furthermore, C6 gliom a m ay produce increased 
levels o f  V E G F  or other barrier-disrupting cytokines under serum-free conditions, 
thus reducing the endothelial barrier. Further studies measuring V E G F , bFG F and 
TGF-(3 production would help to clarify this point.
M oreover, in-vivo  the spatial relationship between endothelial cell bodies and 
astrocyte end-feet is in  the m agnitude o f  angstroms, whereas in this model it is
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approximately 1 mm. W e therefore hypothesize that a synergistic contact-dependent 
relationship m ay exist between astrocytes and endothelial cells; that is, that 
astrocytes m ay require contact (or near contact) w ith  endothelial cells to maintain  
v iab ility  in serum-free conditions. How ever, in  contrast to G arcia et al., who  
propose that astrocyte-endothelial contact is required fo r induction o f  B B B  
properties (G arcia et ah 2004), our data indicate that under non-contact co-culture 
conditions, C6 gliom a release a soluble factor, w hich increases endothelial barrier 
function by up-regulating tight junction formation.
In  conclusion, this chapter describes, in part, the polar-specific effect o f  serum and 
o f  astrocytes on barrier function in  endothelial cells. O ur findings indicate that 
rem oval o f basolateral serum increases occludin and ZO -1  expression, association o f  
tigh t junction  proteins and their subcellular distribution, concom itant w ith  an 
increase in  T E E R  and reduction in  paracellular perm eability, thus indicating that 
basolaterally applied serum inhibits tight junction formation. I t  also investigates the 
feasibility o f  combining a C6 co-culture model w ith  serum-free conditions. W e have 
shown that C6 gliom a can cause increased barrier function in B B M vE C s in both the 
presence and absence o f  basolateral serum, and that this functional change is 
accompanied by biochem ical changes including the expression, localization and 
association o f  occludin and Z O -1 . Further studies are required to fu lly  elucidate the 
exact mechanisms by w hich  these events occur, however this inform ation m ay be 
invaluable in the development o f a superior in vitro B B B  model.
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C h a p t e r  6
A s s e s s m e n t  o f  t h e  r o l e  o f  l a m i n a r  
s h e a r  s t r e s s  o n  B B M v E C  t i g h t  
j u n c t i o n  f o r m a t i o n  a n d  b a r r i e r
f u n c t i o n .
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6.1 Introduction
The vascular endothelium is a dynamic cellular interface between the vessel 
w all and bloodstream, which regulates vessel tone and remodelling. Haemodynamic 
forces, namely cyclic strain and shear stress modulate endothelial gene expression, 
m orphology and function (see section 1.4 fo r  details). Futhermore, areas in  the 
macrovasculature associated w ith  lo w  or turbulent shear stress, such as arterial 
bifurcations, show increased m onocyte in filtra tio n  and a predisposition to the 
form ation o f  atherosclerotic plaques (D zau  et al. 2002). M oreover, shear stress 
plays a significant role in  maintaining homeostasis o f  the cerebral microvasculature 
and m ay have a protective effect in  the pathophysiology o f  several neurological 
disorders (fo r review, see Krizanac-Bengez et al. 2 0 04 )). Therefore, we propose 
that shear stress mediates endothelial permeability v ia  modulation o f  tight junctions.
Moreover, the m ajo rity  o f  B B B  models encompass the paracrine interactions  
between endothelial cells and astrocytes, but fa il to address the haemodynamic  
forces exerted on the lum inal aspect o f the cerebral microvascular endothelium. We 
hypothesize that m icrovascular endothelial tight junction  form ation and barrier 
function is modulated by both basolateral factors (serum, astrocytes, pericytes) and 
lum inal forces (shear stress).
Thus, the aim o f  this chapter is to examine the role o f  physiological levels o f  
laminar shear stress on endothelial tight junction formation and barrier function, 
with particu lar em phasis on the expression, association and subcellular 
localization o f  occludin and ZO-1.
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6.2 Results
6.2.1 Shear stress-dependent increase in occludin expression in BBMvECs
Fo llow ing  exposure o f  B B M vE C s to shear stress (10  dynes/cm2, 24 h), occludin 
protein expression increased by 1.8 ±  0.0 fold (F ig . 6.2.1 a). Messenger R N A  levels 
were also significantly increased fo llow ing shear by 2.7 ±  0.3 fold (Fig. 6.2.1 b).
6.2.2 Shear stress-dependent increase in ZO-1 expression in BBMvECs
Follow ing exposure o f B B M vE C s to shear stress (10 dynes/cm2, 24 h), ZO -1  protein 
expression increased by 1.3 ±  0.0 fo ld  (F ig . 6 .2 .2 a). Messenger R N A  levels were 
also significantly increased follow ing shear by 1.3 ±  0.0 fold (Fig. 6.2.2 b).
6.2.3 Shear stress-dependent association of occludin/ZO-1 in BBMvECs
Follow ing exposure o f  B B M vE C s to shear stress (10 dynes/cm2, 24 h), association 
o f occludin w ith  ZO -1 was monitored in  total B B M v E C  lysates by IP/W estern blot. 
In  response to shear, the level o f  occludin detected in anti-ZO-1 immunoprecipitates 
was seen to increase by 1.9 ±  0.1 fold (Fig. 6.2.3)
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Fig. 6.2.1: Effect of shear stress on occludin expression in BBMvECs.
Confluent B B M v E C  were exposed to shear stress (10  dynes/cm2, 24 h) and 
monitored for occludin protein expression (a) by immunoprecipitation/W estern  
blot and for m R N A  (b) by R eal-T im e PCR. Histograms represent fo ld  change in  
product form ation relative to unsheared control and are averaged from  three 
independent experiments ±  S E M . *P < 0 .0 5  relative to unsheared control. G el 
shown is representative.
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Fig . 6 .2.2: E ffec t o f shear stress on Z O -1  expression in  B B M v E C s . Confluent 
B B M v E C  were exposed to shear stress (10 dynes/cm2, 24 h) and monitored for 
Z O -1  protein expression (a) by Western blot and for m R N A  (b) by Real-T im e  
P C R . Histogram s represent fo ld  change in  product form ation re la tive  to 
unsheared control and are averaged from  three independent experiments ±  SEM . 
*P<0.05 relative to unsheared control. Gel shown is representative.
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Fig. 6.2.3: Effect of shear stress on occludin/ZO-1 association in BBMvECs.
C onfluent B B M v E C  were exposed to shear stress (10  dynes/cm2, 24 h) and 
monitored fo r co-association o f  occludin and ZO -1  by immunoprécipitation and 
Western blotting. Histogram  represents fo ld  change in band intensity relative to 
unsheared control and is averaged from  three independent experiments ±  SEM . 
*P <0 .05  relative to unsheared control. G el shown is representative.
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6.2.4 Shear stress-dependent cell realignment and occludin and ZO-1 
subcellular localization
Follow ing  exposure o f  B B M vE C s  to shear stress (10  dynes/cm , 24  h ), cellu lar 
realignm ent was monitored by phase contrast microscopy and F-actin staining as 
described in  section 2.2.11. Subcellular localization o f  occludin and ZO -1  w ith in  
B B M v E C  monolayers was also monitiored by immunocytochemistry as described in  
section 2.2.11. In  the unsheared control cells (F ig . 6 .2 .4  a) cell alignm ent was 
random and m ulit-d irectional, however, fo llo w in g  shear cells realigned in  the 
direction o f  flo w  (F ig . 6 .2 .4  b). In  paralle l, F -actin  staining w ith  rhodam ine  
phalloidin revealed significant redistribution o f  actin bundles fo llow ing shear (Fig.
6 .2 .4  d) when compared to the unsheared control (F ig . 6 .2 .4 c). M oreover, in  the 
unsheared control occludin was found solely in  the cytoplasm (Fig. 6 .2.4 e), but 
became significantly more concentrated at the cell membrane in  response to shear 
(F ig . 6 .2 .4 f). A lso, in unsheared cells ZO -1  immunoreactivity was discontinuous, 
w ith  jagged finger-like  projections at cell-cell contacts (Fig. 6 .2 .4  g). How ever, 
fo llow ing 24 h shear, ZO -1  im unoreactivity became significantly more continuous 
along the membrane periphery (Fig. 6.2.4 h).
119
-S h ea r ♦ Shear
ZO-1 
4 -------►
Phase
Contras! 
-*------ *
F-actln  
<------ ►
Fig. 6.2.4: Effect of shear stress on cell realignment and occludin and ZO-1 
subcellular localization in BBMvECs. Follow ing  exposure o f  B B M vE C s  to 
shear stress (10  dynes/cm2, 24 h) cellular realignment was monitored by phase 
contrast m icroscopy (a and b) (4 0 0 x ) and F-actin  staining (c and d) using 
standard fluorescent microscopy (lOOOx). Subcellular localization o f  Occludin  
and ZO -1  was m onitored by immunocytochemistry. Occludin protein (green e 
and f ) , Z O -1  protein (g  and h) and nuclear D A P I staining (blue e-h ) were  
monitored using standard fluorescent microscopy (lOOOx). W hite arrows indicate 
cell-cell border localization. Large arrows indicate direction o f  flow. Images are
representative o f  at least three individual sets o f  experiments.
120
6.2.5 Shear stress decreases BBMvEC transendothelial permeability to FITC 
dextran
As transendothelial perm eability cannot be directly monitored directly in 6 -w e ll 
plates post-shear, both control and “shear-conditioned” B B M vE C s were trypsinized  
and re-plated into Transwell®-Clear plates at a density sufficient to reach confluency 
w ith in  24 h. B B M v E C  m onolayer perm eability  to 40  k D a  F IT C -d ex tran  was 
subsequently monitored as described in section 2 .2 .13. Results indicate that shear 
stress significantly reduces B B M v E C  perm eability to F ITC-dextran, w ith  unsheared 
cells showing a 2 .7  ± 0 . 1  fold higher level o f  F IT C -d ex tran  in the subluminal 
chamber after 120 m in  relative to sheared cells (F ig . 6.2.5 i). M oreover, although  
this experimental paradigm  necessitates testing transendothelial perm eability 24 h 
after cessation o f  shear, we have monitored a number o f  strain-induced changes in  
occludin/ZO-1 properties (e.g. subcellular localization) and confirmed that they fu lly  
persist 24 h after passage from  shear plates into Transwell®-Clear plates (Fig. 6,2.5 ii 
a - d).
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Fig. 6.2.5 i: Effect of shear stress on BBMvEC transendothelial permeability.
Follow ing  exposure o f  B B M v E C s  to shear stress (10  dynes/cm2, 24 h), control and 
“shear-conditioned” B B M vE C s were trypsinized and re-plated into Transwell®}-Clear 
plates and monitored for perm eability to 40kD a  F ITC -dextran. Data points are shown 
as total sub luminal fluorescence at a given tim e point (from  0-120 m in) expressed as a 
percentage o f total ablum inal fluorescence at t=0  m in  (i.e. % T E E  o f  F D 40  or %  Trans 
Endothelial Exchange o f  F IT C -d ex tran  40 kD a). Results are averaged from  two  
independent experiments ± S E M ; P <0 .005  (T w o -W a y  A N O V A , unsheared versus 
sheared B B M vE C s).
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Fig. 6.2.5 ii: BBMvECs retain “sheared” characteristics following trypsinization.
Follow ing exposure o f  B B M vE C s to shear stress (10  dynes/cm2, 24 h), both control 
and “ s tra in -c o n d itio n e d ” B B M v E C s  w ere  try p s in iz e d , re -p la te d  and  
im m unocytochem ically monitored for localization o f  occludin and ZO -1  after 24 h. 
Mem brane localization o f  occludin in (a) unsheared and (b) sheared B B M vE C s and of 
ZO -1  in  (c) unsheared and (d ) sheared B B M vE C s is shown 24 h after re-plating. Both  
proteins were m onitored using standard fluorescence microscopy (lOOOx). W hite  
arrows indicate cell-cell border localization. Images are representative o f  at least three 
individual sets o f  experiments.
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6.2.6 Shear stress-dependent association of occludin/ZO-1 in BBMvECs is 
partially attenuated by cycloheximide
Follow ing  exposure o f  B B M vE C s, in the presence or absence o f  cyclohexim ide, to 
lam inar shear stress (10 dynes/cm2, 24 h), occludin expression (a), ZO -1 expression 
(b ) and association o f  occludin w ith  Z O -1  (c) was monitored in total B B M v E C  
lysates by IP /W estern  blot. Im m unoblo t images (a ) occludin and (b ) Z O -1  
demonstrate the ab ility  o f  cyclohexim ide to in h ib it shear-dependent protein  
synthesis. In  response to shear, the level o f  occludin detected in  an ti-Z O -1  
im m unoprecipitates was seen to increase by 2 .4  ± 0 . 1  fo ld  in  the absence o f  
cyclohexim ide and 1.9 ±  0.0 fo ld  in  the presence o f  cyclohexim ide. However, a 
non-specific effect o f cycloheximide, led to a 1.5 ±  0.0 fold increase in occludin/ZO- 
1 association (i.e. under non-shear conditions) (Fig. 6.2.6).
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Fig. 6.2.6: Effect of cycloheximide on shear stress induced occludin/ZO-1 
association in BBMvECs. Confluent B B M v E C  were exposed to shear stress (10  
dynes/cm2, 24 h) in  the presence and absence o f  cycloheximide and monitored for 
co-association o f  occludin and Z O -1  by im m unoprécipitation and Western 
blotting (histogram  and b lo t c). H istogram  represents fo ld  change in  band  
intensity relative to unsheared control and is averaged from  three independent 
experiments ±  S E M . *P<0.05 relative to unsheared control, §P<0.05 relative to 
unsheared w ith  cyclohexim ide. Representative blots demonstrate the ability o f 
cyclohexim ide to inhibit occludin (a) and ZO -1 (b) protein synthesis.
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6.2.7 Shear stress-dependent occludin subcellular localization is partially 
attenuated by cycloheximide
Follow ing exposure o f  B B M vE C s, in the presence or absence o f  cycloheximide, to 
shear stress (10 dynes/cm2, 24  h), subcellular localization o f  occludin and ZO -1  
w ith in  B B M v E C  monolayers was monitiored by immunocytochemistry as described 
in section 2.2.11. In  the unsheared cells, w ith  and without cyclohexim ide (Fig. 6.2.7  
a and b, respectively) occludin was found solely in  the cytoplasm, but became 
significantly more concentrated at the cell membrane in response to shear in both the 
absence and presence o f cycloheximide (F ig . 6.2.7 c and d, respectively).
6.2.8 Shear stress-dependent ZO-1 subcellular localization is partially 
attenuated by cycloheximide
Follow ing  exposure o f  B B M vE C s, in  the presence or absence o f  cyclohexim ide, to 
shear stress (10 dynes/cm2, 24 h), subcellular localization o f  ZO -1  w ith in  B B M v E C  
monolayers was monitiored by immunocytochemistry as described in section 2.2.11. 
In  the unsheared cells, w ith  and w ithout cyclohexim ide (F ig . 6 .2 .8  a and b, 
respectively) ZO -1  staining was discontinuous w ith  long finger like projections. 
However, in  response to shear, ZO -1  staining became significantly more continuous 
at the cell periphery in both the presence and absence o f  cyclohexim ide (Fig. 6.2.8 c 
and d, respectively).
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Fig. 6.2.7: Effect of shear stress and cycloheximide on occludin subcellular 
localization in BBMvECs. Follow ing exposure o f  B B M vE C s to shear stress (10  
dynes/cm2, 24 h ) in  the presence and absence o f  cyclohexim ide, subcellular 
localization o f  Occludin was m onitored by immunocytochemistry. Occludin  
protein (green a and was m onitored using standard fluorescent microscopy 
(lOOOx). W h ite  arrows indicate ce ll-ce ll border localization. Large arrows 
indicate direction o f  flow. Images are representative o f at least three individual 
sets o f  experiments.
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Fig. 6.2.8: Effect of shear stress and cycloheximide on ZO-1 subcellular 
localization in BBMvECs. Follow ing exposure o f  B B M vE C s to shear stress (10  
dynes/cm2, 24 h) in  the presence and absence o f  cyclohexim ide, subcellular 
localization o f  ZO -1  was monitored by immunocytochemistry. ZO -1  protein  
(green a -  d) was m onitored using standard fluorescent microscopy (lOOOx). 
W h ite  arrows indicate ce ll-ce ll border localization. Large arrows indicate  
direction o f  flow. Images are representative o f  at least three individual sets o f 
experiments.
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6.2.9 Shear stress-dependent decrease in BBM vEC transendothelial 
permeability to FITC dextran is partially attenuated by cycloheximide
A s transendothelial permeability cannot be directly monitored in  6 -w e ll plates post 
shear, both control and “ shear-conditioned” B B M vE C s were trypsinized and re­
plated into Transwell®-Clear plates at a density sufficient to reach confluency within  
24 h. B B M v E C  monolayer perm eability to 40 kD a  F ITC -dextran  was subsequently 
monitored as described in section 2.2.13. Results indicate that inhibition o f protein 
synthesis for 24 h by cyclohexim ide increases B B M v E C  perm eability to F IT C -  
dextran by 1.7 ±  0.3 fo ld  h igher leve l o f  F IT C -d e x tra n  in  the basolateral 
compartment compared to unsheared control. M oreover, shear stress significantly  
reduced B B M v E C  perm eability to F ITC -dextran, w ith  sheared cells showing 0.4 ±  
0.1 fo ld  low er level o f  F IT C -d ex tran  in  the subluminal chamber after 120 m in  
re la tive  to unsheared cells. Furtherm ore, cells sheared in  the presence o f  
cyclohexim ide showed 0.9 ±  0.0 fo ld  lower level o f  F ITC -dextran  in the subluminal 
chamber after 120 m in relative to unsheared cells, thus indicating that the shear- 
induced decrease in B B M v E C  perm eability was partly due to new protein synthesis 
and partly due to posttranslational modification o f the existing proteins (Fig. 6.2.9 i). 
M oreover, although this experimental paradigm necessitates testing transendothelial 
perm eability 24 h after cessation o f  shear, we have monitored a number o f shear- 
and cyclohexim ide-induced changes in  occludin/ZO-1 properties (e.g. subcellular 
localization) and confirm ed that they fu lly  persist 24 h after  passage from  shear 
plates into Transwell®-Clear plates (Fig. 6.2.9 ii).
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Fig. 6.2.9 i: Effect of shear stress and cycloheximide on BBMvEC 
transendothelial permeability. Follow ing exposure o f  B B M vE C s to shear stress (10  
dynes/cm2, 24 h), in the presence and absence o f  cyclohexim ide, control, “shear- 
conditioned” and “cyclohexim ide conditioned” B B M vE C s were trypsinized and re­
plated into Transwell®-Clear plates and monitored for perm eability to 40kD a F IT C -  
dextran. D ata  points are shown as total subluminal fluorescence at t = l 20 m in  
expressed as a percentage o f  total ablum inal fluorescence at t=0  m in (i.e. % T E E  of 
F D 4 0  or %  Trans Endothelia l Exchange o f  F IT C -d ex tran  40 kD a). Results are 
averaged fro m  tw o independent experim ents ± S E M ; *P < 0 .0 5  versus control 
B B M vE C s, §P <0.05 versus sheared B B M vE C s.
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Fig. 6.2.9 ii: BBMvECs retain cycloheximide and “sheared” characteristics 
following trypsinization. Fo llow ing  exposure o f  B B M v E C s  to shear stress (10  
dynes/cm2, 24 h), in the absence and presence o f  cycloheximide, control and “strain- 
conditioned” B B M v E C s  were trypsinized, re-plated and im m unocytochem ically  
monitored for localization o f occludin and ZO -1 after 24 h. Membrane localization of 
occludin (a  -  d) and o f  ZO -1 ( e -  h) in B B M vE C s is shown 24 h after re-plating. Both 
proteins were m onitored using standard fluorescence microscopy (lOOOx). W hite  
arrows indicate cell-cell border localization. Images are representative o f  at least three 
individual sets o f experiments.
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6.2.10 Pulsatile laminar shear stress-dependent increase in occludin and ZO-1 
protein expression in BBMvECs
F o llo w in g  exposure o f  B B M v E C s  to pulsatile lam inar shear stress (lo w  0.2  
dynes/cm2, high 14 dynes/cm2, 24 h), occludin protein expression increased by 2.2 ±  
0 .0  fo ld  (F ig . 6 .10  b) under high shear conditions compared to lo w  flow . A  
representative im m unoblot (a) indicates an increase in  ZO -1  protein expression 
under high shear conditions.
6.2.11 Pulsatile laminar shear stress-dependent association of occludin/ZO-1 in 
BBMvECs
F o llo w in g  exposure o f  B B M v E C s  to pulsatile lam inar shear stress (lo w  0.2  
dynes/cm2, high 14 dynes/cm2, 24 h), association o f  occludin w ith  Z O -1  was 
m onitored in  total B B M v E C  lysates by IP/W estern blot. In  response to high shear, 
the level o f  occludin detected in anti-ZO -1 immunoprecipitates was seen to increase 
by 3.2 ± 0 . 1  fo ld  compared to low  shear (Fig. 6.11).
6.2.12 Pulsatile laminar shear stress-dependent transendothelial permeability 
of BBMvECs to 14C-sucrose
F o llo w in g  exposure o f  B B M v E C s  to pulsatile lam inar shear stress (lo w  0.2  
dynes/cm2, high 14 dynes/cm2, 24 h) transendothelial perm eability o f  14C-sucrose 
was assessed. A t t=30, 45 and 60, high shear stress led to a significant decrease in  
B B M v E C  transendothelial perm eab ility  to 14C sucrose. A t  t= 6 0  B B M v E C  
perm eability under high shear conditions was approximately 20%  less than that o f  
the low  shear conditions (Fig. 6.12).
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Fig. 6.2.10: Effect of pulsatile laminar shear stress on occludin and ZO-1 
protein expression in BBMvECs. B B M v E C  were exposed to pulsatile lam inar 
shear stress (low  -  0.2 dynes/cm2; high -  14 dynes/cm , 24 h) and monitored for 
Z O -1  protein expression (insert a) and occludin protein  expression (b ) by  
immunoprecipitation/W estem blot. Representative blot (a) indicates the effect of 
pulsatile shear stress on ZO -1  protein expression. Histogram (b) represents fo ld  
change in occludin protein form ation relative to low  flow  control and is averaged 
from  three independent experiments ±  SEM . *P <0 .0005  relative to low  flow.
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Fig. 6.2.11: Effect of pulsatile laminar shear stress on occludin/ZO-1
association in BBMvECs. B B M v E C  were exposed to pulsatile laminar shear 
stress (lo w  -  0.2 dynes/cm2; high -  14 dynes/cm2, 24 h) and monitored for co­
association o f  occludin and ZO -1  by immunoprécipitation and Western blotting. 
Histogram  represents fo ld  change in  band intensity relative to low  flo w  and is 
averaged from  three independent experiments ±  SEM . *P <0 .00 1  relative to low  
flow. Gel shown is representative.
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Fig. 6.2.12: Effect of pulsatile laminar shear stress on BBMvEC
transendotliclial permeability. Follow ing 24 h pulsatile lam inar shear stress 
(lo w  flo w  -  0 .2  dynes/cm 2; high flo w  -  14 dynes/cm 2), B B M v E C s  were  
monitored for permeability to 14C-sucrose. Data points shown are expressed as a 
percentage o f  the concentration o f  l4C-sucrose in  the lum inal space at t=180. 
Histogram represents percentage change in ECS 14C-sucrose concentration and is 
averaged from  three independent experiments ± S E M . PsO.005 (Tw o-W ay  
A N O V A , low  flo w  versus high flow ).
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6.3 Discussion
In vivo, the endothelial cells forming the BBB are basolaterally bathed in ISF 
(devoid o f serum proteins) and encircled by astrocyte endfeet, whilst the luminal 
endothelial surface is exposed to lam inar shear stress as a result o f  local 
haemodynamic forces. Chapter 3 and 4 clearly demonstrate the role serum and 
astrocytes, respectively on tight junction formation and microvascular barrier 
function. However, we believe that tight junction formation is a result o f both 
basolateral and apical stimuli. Thus, in this chapter, the role of apically acting shear 
stress in modulating endothelial barrier function is examined.
Initial investigations clearly demonstrate that exposure o f BBMvECs to chronic 
physiological non-pulsatile laminar shear stress (10 dynes/cm2, 24 h) significantly 
increased occludin and ZO-1 protein expression in parallel with increased mRNA 
expression. Previous studies by DeMaio et al. demonstrated that exposure o f bovine 
aortic endothelial cells (BAEC) to shear stress reduced occludin expression, without 
change in ZO-1 expression (DeMaio et al. 2001). Initially it would seem that these 
are two conflicting phenomena, however, the experimental paradigm used by 
DeMaio et al. involved exposure o f BAECs to shear stress for 3 h as opposed to our 
paradigm of 24 h shear. Furthermore, studies by Galbraith et al. have shown that the 
shear stress-induced spatial reorganization o f the actin cytoskeleton requires 12 -24 
h shear for realignment o f endothelial cells (Galbraith et al. 1998). Therefore, we 
postulate that the shear stress-dependent regulation of tight junction formation is not 
monotonie, but rather that there are several distinct phases. That is, disruption o f 
previously formed tight junctions may be necessary to facilitate the shear-induced 
actin cytoskeleton reorganizaton, which is then followed by a subsequent increase in 
tight junction formation. Further studies employing time-lapse fluorescent 
microscopy to monitor actin, occludin and ZO-1 localization under shearing 
conditions from 0 -  24 h would address this hypothesis.
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Exposure o f BBMvECs to shear also resulted in significant increase in the co­
association o f occludin and ZO-1. Moreover, occludin, normally observed in the 
cytoplasm of unsheared cells exhibited increased localization at the cell membrane 
following shear, whilst ZO-1 immunoreactivity, which is discontinuous with long 
finger-like projections in unsheared conditions, became more continuous and 
linearly distributed at cell-cell contacts following shear. Phase contrast microscopy 
also revealed that following 24 h shear there was dramatic reorientation of 
BBM vECs in the direction o f shear concom itant w ith profound a - a c t in  
reorganization. In parallel with these observations, shear stress significantly reduced 
BBMvEC permeability to FITC dextran, that is, the biochemical regulation of 
occludin and ZO-1 by shear is accompanied by increased BBMvEC barrier 
functionality.
In order to address if  the shear-dependent modulation of tight junction formation and 
endothelial barrier function was a result o f new protein synthesis or post- 
translational modification o f existing protein, cells were sheared in the presence and 
absence o f cycloheximide. Western blot analysis revealed that, as expected, 
incubation o f BBMvECs with cycloheximide, in both sheared and unsheared cells, 
reduced the protein expression of both occludin and ZO-1. However, incubation of 
unsheared BBMvECs with cycloheximide caused a non-specific increase in 
association o f occludin/ZO-1. Moreover, sheared BBMvECs, in both the presence 
and absence o f cyclohexim ide, exhibited significantly increased levels o f  
occludin/ZO-1 association compared to their unsheared counterparts. These data 
indicate that approximately 50% of the shear-induced increase in occludin/ZO-1 
association is due to de novo protein synthesis and and 50% due to post-translational 
modification of the existing protein pool. Furthermore, cycloheximide only partially 
attenuated the shear-dependent increased localization of occludin and ZO-1 to the 
cell membrane, whilst permeability tracer studies revealed that shear induces the 
increased formation o f a functional barrier in both de novo protein-dependent and 
independent manners. In concert, these data suggest that the shear-dependent 
increase in BBMvEC tight junction formation and barrier function is modulated via
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both de novo protein synthesis and modification o f an existing protein pool. 
Previous studies by Collins et al. have revealed a similar response o f endothelial 
cells to mechanical stimuli. In these studies, Collins et al. exposed BAECs to 5% 
cyclic strain, and similar to the findings discussed above, found that increased tight 
junction formation and associated barrier function was a result o f both new protein 
synthesis and modification of existing proteins (Collins et al. 2006). Thus, it would 
seem that haemodynamic forces regulate endothelial barrier function via two 
separate pathways; firstly by the expression of new proteins and secondly by the 
modification of existing tight junction proteins.
Exposure o f BBMvECs to pulsatile shear stress, which mimics the pressure changes 
exerted on cerebral capillaries caused by the opening and closing o f  arteriole 
sphincters and dilation/contraction o f the capillaries, led to a significant increase in 
occludin protein expression, without significant change in ZO-1 expression. 
Furthermore, chronic pulsatile shear stress (14 dynes/cm2/24 h) led to a dramatic 
increase in association o f occludin/ZO-1, which correlated with a significant 
decrease in permeability to 14C sucrose. Previous studies by Cucullo et al. 
demonstrated that BAECs grown in both the absence and presence of C6  glioma 
exhibited increased TEER following exposure to chronic shear stress in a perfused 
capillary system (Cucullo et al. 2002). However, in these studies by Cucullo et al., 
the biochem ical tight junction modifications, which potentially modulate the 
functional increase in electrical resistance are not investigated. Many recent studies 
have employed similar models to investigate BBB-specific markers, such as 
adenosine permeation or glucose transport (Stanness et al. 1996; Stanness et al. 
1997; Pekny et al. 1998; Stanness et al. 1999; McAllister et al. 2001; Sinclair et al. 
2001). However, to our knowledge this body o f work is the first to address the role 
o f shear stress, in a perfused capillary system, in modulating tight junction formation 
at the molecular level.
Pulsatile laminar shear stress led to a significant increase in occludin/ZO-1 
association compared to the non-pulsatile shear stress. However, as the pulsatile
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shear was carried out at 14 dynes/cm2 and the non-pulsatile shear at 10 dynes/cm2, 
no direct comparison between the two can be made. Further studies Eire required to 
elucidate if the differences between the two paradigms are due to a force-dependent 
or pulse-dependent increased association o f occludin/ZO-1. Furthermore, as 
perm eability cannot be assessed directly in the non-pulsatile lam inar shear 
apparatus, no comparison can be made between the pulsatile and non-pulsatile 
laminar shear-dependent decrease in permeability. Further studies using a cone and 
plate viscometer to shear in a transwell plate would allow for direct permeability 
studies under non-pulsatile laminar shear stress without the need for replating.
Previous studies have shown that haem odynam ic forces m odulate the 
phosphorylaltion state o f tight junction proteins (Conklin et al. 2002; Collins et al. 
2006). Moreover, as discussed in chapter 1, both occludin and ZO-1 function is 
modulated via their phosphorylation states (Sakakibara et al. 1997; Baida and Matter 
1998; Rao et al. 2002; Kale et al. 2003; Sheth et al. 2003). Thus, it would seem 
logical that further studies into shear-mediated tight junction formation should focus 
on the phosphorylation and de-phosphorylation of both occludin and ZO-1.
In conclusion, this chapter describes in part, the role o f shear stress in microvascular 
tight junction regulation. These findings clearly indicate that shear stress modulates 
the expression, localization and association of occludin and ZO-1, two pivotal tight 
junction proteins. Furthermore, these findings correlate with decreased endothelial 
permeability, suggesting a putative relationship between occludin/ZO-1 modulation 
and tight junction barrier function. Further studies are required to fully elucidate the 
exact mechanisms by which these events occur, however this information enhances 
our overall understanding of how haemodynamic forces regulate microvascular 
endothelial function and behaviour.
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7.1 Final Summary
Homeostatic maintenance o f the brain microenvironment is essential for 
normal brain function and neuronal activity and is facilitated by the BBB, a 
continuum  o f intercellular tight junctions between adjacent m icrovascular 
endothelial cells, which form an effective seal to prevent paracellular solute 
diffusion. In vivo this barrier exhibits high TEER and is impermeable to charged 
particles, proteins, ions, hydrophilic molecules and hormones that could act as 
neurotransmitters, thus protecting the CNS from changes in blood composition 
(Tanobe et al. 2003). Although this highly effective barrier functions to protect the 
CNS, it presents a major obstacle to CNS drug delivery, the major rate-limiting step 
preventing translation o f drug developm ent into effective neurotherapeutics 
(Pardridge 2002, 2003, 2005a, b). Conversely, disruption o f the BBB is associated 
w ith a number o f pathophysiological conditions including multiple sclerosis 
(W illiams et al. 1994), m eningitis/encephalitis (Tunkel and Scheld 1993), 
neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease (Mattila et 
al. 1994) and progressive multifocal leukoencephalopathy (Poland et al. 1995). 
Thus, development o f novel strategies to modulate barrier function within the brain 
microvasculature neccesitates elucidating the etiology of intercellular tight junction 
formation and the pathophysiological factors effecting BBB permeability. This study 
attempts to extend our knowledge in this clinically significant field by investigating 
how both apical and basolateral conditions impact on endothelial tight junction 
assembly at both the molecular and functional level in an in vitro BBMvEC model. 
In this regard, the BBB endothelium in vivo is basolaterally encompassed by 
astrocyte end feet and bathed in serum-free ISF and apically exposed to shear stress 
caused by the drag force o f blood flowing through cerebral capillaries. Thus, we 
hypothesized that basolaterally applied serum and/or astrocytes (C6  glioma), as well 
as apical shear stress, impacts on BBB function by directly modulating the 
expression and biochemical properties o f two pivotal endothelial tight junction 
proteins, occludin and ZO-1. This knowledge may allow for the appropriate clinical
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modulation o f tight junction “open” and “closed” states, thus having a profound 
impact on several neurological disorders.
As the clinical significance o f BBB function and dysfunction is now being 
recognized and the ensuing work is at the forefront of biomedical research, the aim 
o f this study was to investigate the effect o f physiologically relevant paradigms on 
brain micro vascular endothelial tight junction formation and barrier function. Three 
potential mediators o f tight junction formation were addressed, namely; the removal 
o f basolateral serum, co-culture o f BBMvECs with C6  glioma basolaterally and 
finally, the effect o f shear stress apically. Due to the variety o f potential stimuli 
being investigated, several experimental paradigms must be employed. For both 
serum and co-culture studies, transwell plates were used, which facilitated the in situ 
m onitoring o f BBMvEC TEER and permeability. However, as shearing o f 
BBMvECs was not possible in transwell plates, cells were exposed to shear in either 
6 -well plates, which were rotated on an orbital shaker, or in a perfused capillary 
system. For all the experimental paradigms, focus was placed on the biochemical 
modulation o f the tight junction proteins occludin and ZO-1, and the accompanying 
functional changes in electrical resistance and/or permeability, which occurred.
The initial focus o f this study was to investigate if the removal o f basolateral serum, 
thus mimicking the in vivo brain ISF, altered the state o f BBMvEC tight junctions or 
the accompanying barrier functionality. Western blot analysis revealed that removal 
o f basolateral serum resulted in a significant increase in occludin and ZO-1 protein 
expression, which was paralleled by a similar increase in mRNA. Furthermore, the 
association o f occludin/ZO-1, and their subcellular localization to the cell membrane 
increased following serum removal. In addition, similar to findings by Nitz et al., 
the application of serum-free media resulted in a significant increase in monolayer 
electrical resistance in a highly polar-specific manner (Nitz et al. 2003), which was 
associated with a decrease in paracellular permeability to a radiolabelled sucrose 
tracer. The serum-derived factors responsible for the reduction in tight junction 
formation and barrier function are yet to be elucidated, however, VEGF and LPA
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have been implicated in reduction o f endothelial barrier function via disruption of 
tight junctions.
In vivo, astrocyte foot processes encircle the endothelial basal laminae and have 
been shown to induce endothelial barrier function (Saunders et al. 1991), therefore, 
the role o f astrocyte:endothelial interaction on tight junction formation was 
examined by co-culturing BBMvECs and C6  glioma (with the latter cells in the 
basolateral aspect). Under non-contact co-culture conditions, there was significant 
increase in both occludin and ZO-1 protein expression in BBMvECs without change 
in mRNA. This indicates that the apparent increase in protein may be due to 
decreased protein turnover rather than de novo protein synthesis. However, it is also 
possible that an increase in mRNA occurs, and is translated into protein prior to the 
24 h time-point used in this paradigm. Furthermore, co-culture led to increased 
occludin/ZO-1 association and redistribution of the two to the cell periphery, which 
was correlated with decreased permeability and increased electrical resistance.
In view o f these findings, we further sought to investigate if a combination o f these 
conditions, i.e. co-culture o f BBMvEC and C6  glioma in the absence of basolateral 
serum, would have an additive effect in relation to barrier formation and function. 
Under these conditions, occludin expression and occludin/ZO-1 association were 
increased significantly with respect to both the serum-free monoculture and serum- 
containing co-culture models. However, the increase observed was less than the 
predicted additive effect, indicating that there is only a partial additive effect o f co­
culture in the absence o f basolateral serum. Furthermore, removal o f basolateral 
serum from the co-culture resulted in the most continuous localization o f both 
proteins at cell-cell contacts. Analysis o f barrier function by TEER and 14C sucrose 
tracer studies reflected a similar trend.
Thus, it seems that the removal o f basolateral serum and co-culturing with C6  
glioma may cause increased BBMvEC tight junction formation and associated 
barrier function via two separate pathways (see figure 7.1). That is, removal of
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basolateral serum causes increase in occludin and ZO-1 protein by elevated mRNA 
production, whilst co-culture leads to increased protein accumulation by decreasing 
protein turnover.
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Figure 7.1: Schematic representation o f thesis findings with respect to serum, co­
culture and shear-induced modulation of occludin and ZO-1.
Brain microvascular endothelial cells, which form the BBB are exposed to shear 
stress on their apical surface caused by the flow o f blood through cerebral 
capillaries. Haemodynamic forces have been shown to modulate a variety of 
endothelial responses, including cell morphology (Galbraith et al. 1998; Noria et al. 
1999), gene expression (Patrick and Mclntire 1995; Chien et al. 1998; Traub and 
Berk 1998) and function (Ballermann and Ott 1995; Ngai and Winn 1995; Ott and 
Ballerm ann 1995). Furthermore, recent studies have indicated a role for 
haemodynamic forces in regulating endothelial tight junction formation and barrier 
function (DeMaio et al. 2001; Conklin et al. 2002; Collins et a l 2006). Therefore,
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we sought to investigate the effect o f shear stress on BBMvEC occludin and ZO -1 
regulation and to elucidate if these changes correlated with modification o f barrier 
function. Exposure o f BBMvECs to chronic non-pulsatile shear stress (10 
dynes/cm2, 24 h) resulted in increased occludin and ZO-1 expression, in parallel 
with increased association o f the two. Furthermore, sheared cells exhibited 
increased occludin and ZO-1 localization at the cell periphery, which was associated 
with a decrease in paracellular permeability to FITC dextran. Futhermore, inhibition 
o f new protein synthesis with cycloheximide revealed that the shear-induced 
increase in tight junction formation and barrier function was modulated via both de 
novo protein synthesis and post-translational modification o f existing proteins. In 
addition, pulsatile shear stress (14 dynes/cm2, 24 h) led to a significant increase in 
occludin expression and occludin/ZO-1 association, which correlated with a 
decrease in paracellular permeability to ,4C sucrose.
Although this data provides insight into the factors modulating endothelial occludin 
and ZO-1, further research is required to investigate the mechanisms and pathways 
by which this occurs. As detailed in chapter 1, occludin and ZO-1 function is 
mediated via modulation o f their phosphorylation state, therefore, the future logical 
focus o f this work is to examine the specific serine, threonine and tyrosine 
phosphorylation states o f  both proteins in their active and inactive forms. 
Furthermore, delineation o f the signaling pathways responsible for serum, astrocyte 
and shear-induced tight junction modulation will allow for the identification o f 
possible targets for clinical intervention. Identification o f the serum and astrocyte- 
derived factors, and their associated endothelial receptors, involved in tight junction 
assembly and function, may allow for manipulation o f the “open” and “closed” state 
o f the blood-brain barrier, and thus have a profound impact on both drug delivery to 
the brain and amelioration of neurological disorders associated with increased BBB 
permeability. Furtherm ore, elucidation o f the mechanotransduction pathway 
responsible for the shear-induced increase in tight junction formation would greatly 
increase our knowledge as to how endothelial function is m odulated via 
haemodynamic forces. Inhibition o f possible m echanosensors, such as the
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glycocalyx by neuraminidase, GPCR using pertussis toxin, or integrins by cyclic or 
linear RGD peptides etc., will allow for the identification o f the specific 
mechanosensor responsible for translation of the physical force o f shear stress into a 
cellular response. In addition, studies by Collins et al. have shown that tight 
junction assembly in response to cyclic strain occurs via both tyrosine phosphatase- 
and PKC-dependent pathways (Collins et al. 2006). The potential role o f these 
pathways in shear stress-dependent modulation o f tight junctions could be examined 
using specific for tyrosine phosphatase and PKC inhibitors (dephostatin and 
rottlerin, respectively). Furthermore, recent studies have identified two Rho family 
GTPases, Rho and Rac, and p38 MAPK as key regulators o f endothelial tight 
junction assembly and barrier function (Wojciak-Stothard and Ridley 2002, Collins 
et al. [unpublished]), and as such, their role in mediating the shear stress-dependent 
tight junction formation and barrier function must be investigated.
In vivo, sucrose permeability in the rat BBB is in the region o f 0.18 -  0.6 x 10‘5 
cm/min. However, in the experimental paradigms outlined in this thesis, both the 
transwell models and the perfused capillary system have sucrose permeability 
coefficients in the region o f 0.5 -  1.0 x 1 O'3 cm/min. Moreover, in vivo TEER in the 
BBB is estimated to be greater than 1000 £2.cm2, whilst the maximum electrical 
resistance achieved in the transwell plates was approximately 80 iî.cm 2. Therefore, 
although we have clearly demonstrated the effect o f serum, astrocytes and shear 
stress in modulating endothelial barrier function, these models do not reflect the 
electrical resistance or sucrose permeability properties expressed in the BBB in vivo. 
Therefore, a more physiologically relevant combination o f the three factors 
investigated (i.e. basolateral serum-free media, co-culture with C6  and shear stress) 
would more closely resemble the in vivo situation, allow for a greater understanding 
o f how these pathways interact and elucidate any synergistic relationships between 
the stimuli.
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Figure 7.2: Schematic diagrams of the apparatus for proposed future work enabling 
co-culture o f BBMvECs with C6  glioma, in basolaterally serum free (SF) media, 
whilst being exposed to shear stress casued by the movement o f serum-containing 
media (FCS) on the endothelial apical surface. Shear stress is induced by either a 
cone and plate viscometer in a transwell plate (A) or in the perfused capillary system 
(B).
In chapter 5 we proposed that a synergestic contact-dependent relationship may 
exists between astrocytes and endothelial cells that allows for the continued viability 
of astrocytes in serum free conditions, and two-way cross-talk between the cells. As 
depicted in figure 7.2, growing astrocytes and endothelial cells on opposite sides o f a 
porous membrane (A) or capillary (B), will allow for the infiltration of astrocyte end 
feet into the pores and contact w ith the basal surface o f the BBMvECs without 
mixing o f the two cell populations, as previously shown by Garcia et al. (Garcia et 
al. 2004). Furthermore, induction o f haemodynamic forces using either a cone and 
plate viscometer in conjunction with a transwell plate or the perfused capillary 
system would facilitate examination o f both the basolateral effects o f C6  co-culture 
in a serum free environment in tandem with apically acting shear stress. In this way
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the combination of modulatory effects on occludin and ZO-1 as well as barrier 
function may be examined. Thus, by mimicking in vitro the factors responsible for 
modulating the BBB in vivo, we may be able to develop a reproducible in vitro 
model o f the BBB, which would express the high electrical resistance and low 
permeability characteristics of the BBB in vivo. This system would then allow for 
the high throughput screening required in drug development, thus reducing the need 
for clinical testing on animals. Moreover, the findings o f this thesis coupled with a 
physiologically relevant model o f the BBB could identify potential targets for 
clinical manipulation o f tight junction integrity and thus drastically reduce the time­
scale associated w ith the identification and testing o f effective clinical 
neurotherapeutic agents.
Overall, the findings of this thesis indicate that tight junction formation and barrier 
function in brain microvascular endothelial cells is a result of both basolateral and 
apical stimuli. Moreover, these data suggest a putative link between occludin/ZO-1 
regulation and endothelial barrier function. The potential value o f these findings, 
with respect to clinical manipulation o f BBB tight junctions, has been discussed at 
length throughout this thesis however, this data may also impact on several non- 
neurological diseases in the peripheral vasculature. As discussed in chapter 1, loss 
o f occludin and/or ZO-1 is associated with pathogen-induced diahorrea, allergies and 
cancer. Futherm ore, increased arterial permeability, at areas o f  reduced 
haemodynamic loading, correlates with elevated atherosclerotic plaque formation. 
Therefore, elucidating the factors that modulate intercellular tight junction formation 
may allow for the development o f novel strategies to modulate endothelial barrier 
function and thus have a profound impact on both neurological and peripheral 
diseases.
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